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Abstract

Progress in the understanding of the proton induced disintegration of the atomic nuclei at the
GeV incident energy range related to the achievements of the PISA (Proton Induced SpAllation)
experiment is reported. The scientific motivation of the spallation research is given. Experi-
mental technique as well as the measured distributions of the double differential cross section
(d%0/dUdE) for spallation products in broad range of bombarding energies and for target nuclei
of various masses are presented. Interpretation of obtained results in the frame of a classical two
step model utilizing the mechanism of intranuclear cascade for the first phase of the reaction and
the statistical evaporation from the thermalized target-like remnant for a second step is described.
Significant deficiencies of two step approach in reproducing of the experimental observables re-
lated to the dynamic stage of the reaction is indicated. Search for the features of alternatives
scenarios of spallation process with the use of phenomenological models is undertaken and the
conclusion indicating the need of inclusion to the theoretical description of the reaction the in-
termediate compound and excited fragments is derived. A new microscopical model (Spallation
Model with Cascade++) of the first dynamical phase of a pA reaction is developed. Besides
of the binary nuclear interactions a mechanism consisting in a Dynamic Clustering in Nuclear
Medium (DCNM) is postulated. The resulting improvement in the theoretical description of
the distributions of the Light Charged Particles (LCP) in comparison to the models where only
binary interactions are considered is shown.

Streszczenie

Celem monografi jest zaprezentowanie postepu w badaniach nad spallacja jadrowa doko-
nanego wskutek przeprowadzonych pomiaréw podwdjnie rézniczkowych przekrojéow czynnych
(d?0/dQdE) produktéw reakcji proton-tarcza (pA) w eksperymancie PISA (Proton Induced
SpAllation). Pomiary odbywaly sie z uzyciem tarcz jadrowych o réznych masach i dla szerokiego
zakresu energii padajacych protonéw. Opisane sa cele naukowe badan nad spallacja. Interpre-
tacja uzyskanych wynikéow doswiadczalnych przy pomocy klasycznego opisu reakcji spalacji za po-
moca modelu dwustopniowego pokazalta czeiciowa, ale znaczng nieadekwatnosé modeli pierwszej,
dynamicznej czesci reakeji opisywanej jako kaskade dwuciatowych oddziatywan jadrowych. Przy
pomocy modeli fenomenologicznych poszukiwano mozliwych, alternatywnych scenariuszy prze-
biegu reakcji pA i stwierdzono koniecznosé wlaczenia do opisu modelowego posrednich, wzbud-
zonych stanéw wielonukleonowych. Skonstruowano nowy model mikroskopowy pierwszej fazy
reakcji spalacji nazwany Modelem Spalacji z Kaskada++ (Spallation Model with Cascade+-+
(SMC++)). Oprocz oddziatywarni binarnych zastosowano w nim hipotetyczny mechanizm pole-
gajacy na kreacji chwilowych klastréow wielonukleonowych we wzbudzonej materii jadrowej (Dy-
namic Clustering in Nuclear Medium (DCNM)). Uzyskano znaczne polepszenie opisu teorety-
cznego dla rozktadéw lekkich czastek natadowanych z reakcji spalacji w poréwnaniu do modeli
zaktadajacych wylacznie oddzialywania dwuciatowe.
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1 Introduction

The main aim of this work is to summarize the progress done in proton induced spallation physics
due to successful experimental program of the PISA collaboration (Proton Induced SpAllation)
[1]. The PISA experiment was performed in Research Center Jiilich in Germany at the COller
SYnchrotron COSY with the use of the proton beam at energies between 175 and 2500 MeV.
Proton bombardment of variety of thin targets composed of elements from 2C to %7 Au provided
the precise distributions of double differential cross sections, do?/dQdE, for charged reaction
products spanning from 'H to composite particles up to Al emitted between 15° and 120° of the
laboratory 6 angle. Precise detection system allowed for isotopic separation of reaction products
up to mass of B element. Careful analysis of the collected data benefited in creation of a vast
data base, which significantly extend the available set of the observables related to the proton
induced spallation reaction.

The collected experimental data became a benchmark for the relevant models of spallation pro-
cesses. Performed comparison of the obtained data with the results of available models of spal-
lation mechanisms indicated that complexity of mechanisms, which interplay in proton-nucleus
interaction at GeV energy range is, with no doubt, higher than it is assumed and implemented
in even the most successful theoretical approaches nowadays.

Performed by PISA collaboration the phenomenological interpretation of the data based on
assumption of the competition of the processes embedded in traditional two step model (cascade
of binary collisions and evaporation of particles from reaction remnant) and those based on the
more thermodynamical nature like emission from a few exited moving sources gained a significant
improvement in description of the experimental data. The assumed moving sources which are
the fragments of the initial target nucleus, are an intermediate states in the disintegration of
the bombarded nucleus and the observed in experiments distributions of particles would be the
effect of their decomposition.

Since the phenomenological analysis of the PISA experimental data indicated the classes and
conditions of alternative processes, which could contribute to the observed experimental spectra
but are not regarded in the contemporary spallation models a natural next step in the spallation
research was to try an implementation of suggested processes to the microscopical model. For
this aim a new spallation model called Spallation Model with Cascade++ (SMC++) has been
created. This model utilize the achievements of the most successful spallation codes available
in literature but its structure and performance permits for the full control on the whole set
of the reaction constituents during modeled process and simplicity in implementations of a new
reaction mechanisms. The computer code which comprises the SMC++ model is written in C++
programing language and utilizes the contemporary tool used for data organization, analysis and
visualization - the CERN ROOT package [2, 3].

A hypothetical process called Dynamical Clustering in Nuclear Medium (DCNM) has been pro-
posed and implemented into the SMC++ model. This mechanism allows for the larger energy
transfer from impinging particle to a target nucleus and the faster energy dissipation among the
target nucleons than it is possible in the classical description of the initial spallation reaction
phase regarded as a sequence of binary hadronic collisions. In effect a significant improvement
in model description of the yield and distributions of both the single as well as the composite
Light Charged Particles (LCP) observed in experiments was achieved.



The PISA experiment, the collected data, their analysis and interpretation is a subject of five
PhD theses [4, Bl [, [7, 8]. Two additional PhD theses are under preparation. The following
publications which are related to the results of PISA experiment have been published up to now:
[1, 9, 10, 11, 12, 13, 14]. The outline of the new spallation model SMC++ and the DCNM
mechanism its presented in [15].

The author of the present dissertation has been engaged to the PISA experiment from the most
early phase, contributing to the development of the experimental program as well as to the
concept of PISA apparatus as the internal beam experiment installed at the accumulation ring
COSY. He was committed to the design of experimental chamber, the detectors, the advanced
vacuum and gas flow system, electronic chain and the whole setup. During his stay in the
Research Center Jiilich as "postdoc" he was responsible for the production and installation of
the PISA setup components their tests and commissioning, the planing and conducting of the
experimental runs and the coordination of the work of PhD-students and technicians. Author
contributed to the data analysis and their interpretation. He independently developed a new
spallation model SMC++ where his idea about nuclear interaction by dynamical clustering in
nuclear medium has been implemented.

In order to show the results of the PISA collaboration on the broader background and to present
the contemporary status of the research on the spallation physics the present work recall not
only the ideas and results of PISA but refers as well to the other important experimental and
theoretical achievements contributing to the collected set of valuable observables and having
influence on the significant progress in mathematical description of experimental facts. But also
the still existing deficiencies in the understanding of all these complex phenomenons interplaying
in the proton-nucleus interaction at high energy will be indicated.

In chapter 2 the motivation for the research on nuclear spallation will be given - both these
having the pure scientific origin as well as such resulting from the need of practical utilization
of knowledge about spallation phenomena. This chapter is supplemented by an outline of the
experimental works having the greatest impact on the understanding of the spallation and being
relevant to the subject of this dissertation. Two of them - these, which results are used as an
additional benchmark for ideas presented in this dissertation are presented with more details.

Chapter 3 is devoted to present the technical aspects of the PISA experiment and the analysis
applied in order to derived the valuable distributions of the double differential cross sections of
reaction products. The PISA results will be there also confronted to the experimental data of
other groups in these mass, energy and angular range where the comparison is possible.

In order to present the current status of the experimental research in proton induced spallation
and to draw some general conclusion, in chapter 4 the extensive presentation of the results of
the PISA experiment will be given.

In chapter 5 the most important contributions to the theoretical understanding and description
of the spllation processes will be presented. The general idea of the so-called two step model will
be presented together with the most successful theoretical approaches to the individual compo-
nents of the two step model. Besides the theoretical approaches accounting for the statistical
description of some aspect of observed spectra the special attention will be given for these models
which deal with dynamics of the first part of the reaction.

Verification of the two step model with the use of results of the PISA experiment is done in
chapter 6.

In chapter 7 the interpretation of the PISA results with the two step model is extended by a
phenomenological analysis in the framework of moving sources model.



Chapter 8 gives the outline of the Spallation Model with Cascade++ (SMC-++) and presents
the assumptions of the dynamical clustering (DCNM) mechanism.

The description of the SMC++ model is followed in chapter 9 with the presentation of its results
concerning the double differential cross section for the neutrons and the charged light particles in
the broad range of proton impinging energies and the bombarded target materials. The resulting
pion spectra are shown as well. The theoretical calculations are compared to the experimental
results of PISA and other relevant data.

The whole work of the PISA collaboration and the induced with this experiment progress in the
understanding of the proton induced spallation process are summarized in chapter 10.

Appendix containing the broad set of figures presenting the results of SMC++ results in the
domains of neutron and LCP production have been added. The calculations are verified with
the experimental data measured at SATURNE (for neutrons) and in the PISA experiments (for

LCPs). The latter are compared as well to the relevant results of Intranuclear Cascade Liege
(INCL) model.

Appendix is followed by acknowledgement and list of references used in this dissertation.

In order to facilitate the reading of this monograph the glossary of abbreviations used in the text
is given at the end of the dissertation.
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2 The importance of exploration of the
proton induced spallation

This work gives a contribution to a broad field of nuclear physics where properties of exited
nuclear matter are explored. Diverse motivations for studies undertaken on creation and de-
composition of the unstable heavy nuclear systems exist. From purely scientific point of view
demanded is identification of processes acting in nuclear spallation, understanding of their in-
terplay and their reliable mathematical description. But since already long time ago the nuclear
physics joined the world of applied science the aims of examination of various aspects of spallation
may have also medical or technical origin.

2.1 Basic motivation

The purely mathematical description of the processes taking place in nuclear systems of even
few nucleons are presently still not possible. The elementary processes related to the simplest
in this respect nucleon-nucleon (NN) interaction were explored theoretically over decades. In
order to provide the formulae of the NN potential the purely phenomenological approaches are
used or the more advanced ones which utilize the meson exchange models and the effective
field theories. In recent years there are attempts to describe the NN interaction from the first
principles of quantum chromodynamics with the application of the chiral perturbation theory
[16, [17]. Usually the energy application range of contemporary NN potentials is restricted to the
elastic range (below the pion production threshold about Tj,, = 300 MeV). But there are also
models which try to account for the NN into NA coupling [I8]. In general, nowadays the free
nucleon-nucleon interaction is described with tolerable precision only for T,; < 500 MeV [17].

The influence of the nuclear medium modifies the hadronic interactions making them even more
complicated and difficult for mathematical formulation. But even with the satisfactory knowledge
about the properties of the hadronic interaction in the nuclear matter the prediction of the
behaviour of complicated many-body systems would be still not feasible. The time dependent
microscopic description of the interacting quantum system consisting of many constituents would
require solving of so many coupled equations that nowadays it is still out of reach.

In such circumstances instead of process description based on solutions of microscopic interactions
more effective models of reactions have to be used. The research has to be based on conclusions
drawn from observation of more general properties of nuclear matter. Often the macroscopic
approach is used where nuclear matter is treated as a hydrodynamical or thermodynamical
system, which can be described with the global parameters like temperature (T), density (p),
pressure (p), energy (E) or the compressibility and viscosity. The adequate tool for description
of the behavior of such a system should be the thermodynamical equation of state. The total
energy of the system [19] can be given by the following components:

E(Tv P) = ET(Tv p) + Ec(To, p) + Eo; (2'1)

where:
Ep(T,p) - thermal energy;
Ec(Ty, p) - compression energy;
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Fy - ground state energy at p = pg and T = Tp;

There is a hope that with realistic time dependent equation of state the fate of the exited and
decaying nuclear system can be described properly by a transition between the phases of the
excited nuclear matter.

The issue of equation of state of nuclear matter is exploited experimentally with the collision of
heavy ions of high energies up to several hundreds of MeV /A (see e.g. [20]). With collisions of two
heavy nuclei the high densities and temperatures of the colliding system can be achieved. But
success of this approach is still not satisfactory. The behaviour of the exited system created in
the heavy ion collision is far from being determined only by the thermodynamical phenomenons.
Beside the thermal excitation the system is biased by a large amount of introduced linear and
angular momenta which lead to the dynamical distortions. Additional instabilities are created
and unexpected decay modes are observed due to e.g. the shape variation of the colliding system.

In this view the philosophy behind the exploration of the in-medium hadronic interactions by
means of the reactions induced by collisions of a nucleus with a simple projectile (where for
this respect the nucleons, pions, electrons, antiprotons or even the light composite nuclei can be
considered) is quite different. When reaction is induced by a single and light particle which posses
even high energy then the changes in global parameters of the system like its density p, mass or the
charge are still small. The angular and linear momenta introduced to the bombarded nucleus are
much smaller than these in the case of heavy ion collision. Strong shape deviations and collective
flows are avoided. The processes of energy transfer and dissipation have a more local nature and
are by far less violent than in the case of tens or hundreds simultaneous interactions taking place
when the two heavy nuclei are a subject of head-on collision.

The great advantage of research with the use of light projectile consists in a fact that the
dynamical effects related to the initial phase of the reaction when momentum is transferred
to the system and spreads among its constituents can be decoupled from the purely statistical
phenomena showing up when afterward the system achieve a thermal equilibrium. Besides the
exploration of the global properties of the nuclear matter imagined as a thermal system the
possibility of the study of the individual hadronic interaction in the nuclear medium responsible
for the energy dissipation is gained.

The spallation physics with the light impact particles is thus the natural laboratory where the
still not well recognized high energy intranuclear hadronic interaction can be effectively studied.

2.2 Practical aspects of spallation studies

Motivations for studies on spallation processes originate also from beyond the need of the basic
understanding of the mechanisms which govern the projectile-nucleus interaction. Since the
spallative processes play already an important role in many aspects of the human’s activity and
will be crucial for the success of the important task of humankind planned for the future, their
sufficient understanding and ability of quantitative and precise calculations of their effects is
strongly demanded.

The following fields of the science, technology and medicine where the quantitative knowledge
about the effects of spallation processes is needed are:

e astrophysics,

e nuclear power plant construction and operation,
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e management of the nuclear waste,

design and construction of spallation neutron sources,

radiological safety on Earth as well as in space conditions,

effectiveness and side-effects in hadron therapy of cancer.

Two examples of application of the knowledge about the nuclear spallation will be described
below. First of them concern still our basic understanding of the physical world. It turned out
that the spallation processes are to some extent responsible for the observed composition of the
interstellar gas. The second example describes the idea of transmutation of nuclear waste.

2.2.1 Astrophysical origin of nuclides

The nuclear composition of the solar system is different than this of the cosmic rays. Isotopes of
Li, Be, B, F, Cl, K, Sc, Ti, V, Cr, Mn observed in the solar system are less abundant than these
observed in the cosmic rays by at least one order of magnitude. In case of Li, Be, B (so-called
LiBeB) the discrepancy reaches even six orders of magnitude.

Observed differences concern the cosmic rays of the energies from 70 to 280 MeV /nucleon. The
composition of comics rays of energies from outside this range is not known. Since the case of
origins of the light element is very significant the most of efforts was put on explaining the LiBeB
puzzle.

It was noticed that the cosmic ray interaction in the interstellar medium can play an important
role in the origin of this observed excess of several elements in cosmic ray mass-spectrum. In 1970
H. Reeves proposed a scenario concerning the LiBeB nucleosynthesis [21] where - contrary to
most of the nuclear species, LiBeB are formed by the spallative interaction between the energetic
Galactic Cosmic Rays (GCR) and the Interstellar Medium (ISM). As opposed to "normal"
nucleosynthesis taking place in the stars the spallative origin of elements is sometimes called
"non thermal" nucleosynthesis.

In the first calculations by M. Meneguzzi et al. [22] it was assumed that protons and a-particles
of GCR interact with nuclei of C, N, O of ISM producing the lighter nuclei of Li, Be, B. The
authors took the local, presently known LiBeB and CNO (nuclei of Carbon, Nitrogen and Oxy-
gen) abundances and extrapolated them over whole lifetime of galaxy assuming them to be
constant. The calculations reproduced quite well the observed abundances of °Li, “Be and '9B.
The model, however, could not reproduce correctly the "Li/SLi ratio (1.2 instead of 12.5 observed
in meteorites). Also the estimated 'B/!°B ratio was 2.5 when observed is 4.

In 1985 Walker and others [23] performed new calculations introducing freshly compiled set of
spallation cross sections by Read and Viola [24]. They encountered, however, similar problems as
Meneguzzi et al. [22]. In order to explain the observed ratio of B isotopes Walker et al. suggested
an existence of low energy component of GCR flux responsible for additional ''B production.
They also put forward the idea that significant amount of “Li could have been produced still
during the Big Bang nucleosynthesis.

In the end of 80-ties and over the first half of 90-ties of the last century the new measurements
of relative abundances of Li, Be and B with respect to the H for stars of various metalicities
(iron abundances) become possible (for compilation see [25]). The stellar metalicity [Fe/H]
defined as log(Fe/H) - log(Fe/H)solar, where log(Fe/H)soqr = 3 - 107 is the photospheric iron
abundance, is the natural representation of the elapsed time since the formation of the Galaxy
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[26]. Thus, these measurement allowed the observation of an increase of the LiBeB during the
Galaxy evolution. The results were surprising to the astrophysicist since they found that the
dependence of abundances of Be and B on the metalicity is linear instead of quadratic. The
quadratic dependence was expected because if the origin of LiBeB is purely GCR spallation
both the evolving CNO number as well as the bombarding flux should be proportional to the
integrated number of supernova explosion up to the observation moment. It is believed that both
ISM and GCR originate in the supernovae explosions where synthesized elements are released
into the ISM increasing the metalicity.

The linear dependence of BeB abundances vs. stellar metalicity may suggested that BeB elements
can be produced in reverse way that it was assumed earlier i.e. by energetic CNO components
of the cosmic rays interacting with the protons and a-particles of the ISM. In such a case
the metalicity of the ISM does not influence the production rate and the abundance-metalicity
dependence remain linear [27]. This hypothesis created, however, a problem of the origin of the
enough abundant and energetic fluxes of CNO nuclei which are so far not clearly identified.

In the case of 7Li it turned out that over almost whole galactic life the amount of this isotope
remained constant what was interpreted in the way that at least a part of the observed "Li was
produced in Big Bang nucleosynthesis together with H and He isotopes.

The results of measurements of time dependent abundances of LiBeB showed that earlier believed
theory of pure spallative origin of LiBeB must be verified. This induced a great debate among
the astrophysicist about the possible sources and mechanisms of production of Li, Be and B
isotopes and in general, about the origin, the energy spectrum and the possible ways of primary
acceleration of the cosmic rays. The debate lasts up to now.

In 1997 Ramaty et al., [28] preformed a new calculations of LiBeB elements abundances taking
into account various scenarios and processes which could contribute to the observed amounts
of these isotopes. They [28] and also E. Vangioni-Flam et al. [25],[29] summarized the present
status of studies on the productions of the LiBeB isotopes:

e about 10% of "Li is produced in the nucleosynthesis in the Big Bang. The remaining 90%
is believed to be created in various galactic object including types II supernovae and giant
stars,

e core collapse of types II supernovae can contribute to ''B production via neutrino induced
spallation of 12C. This process can help to reproduce the measured ''B /1B ratio,

e bulk of 5Li, ?Be and B must be produced by spallation process. Both processes where
protons and a-particles bombard the CNO nuclei as well as reversal processes are taken
into account. The relative contributions of these processes depend strongly on assumed
mechanisms of creation and acceleration of the cosmic rays and on their mass- and energy
spectra,

e one more important factor influencing the relative contribution of various processes in the
LiBeB production is the still unknown relation between relative (to H) abundances of O
and Fe elements.

In order to perform the calculation of the element abundances in the galaxy the following com-
ponents are necessary:

e composition of the GCR,

e composition of ISM,
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e energy spectrum of the GCR,

e relevant reaction cross sections.

The spallation physics can contribute to this interesting astrophysical problem supplying the
precise set of demanded reaction cross sections in the energy range of about 50 to 3000 MeV.

As it was mentioned earlier in the simulation starting from 1985 (Walker et al. [23]) and later
on (R. Ramaty et al. [28]) the cross sections tabulated by Read and Viola [24] has been used.
For the quoted later simulation additionally the data obtained by Webber et al. [30] - [31] were
utilized. Compilations of Read and Viola contains the excitation functions measured in various
experiments for p and « reaction on a, C, N and O leading to various isobares mostly for low
energies (up to 200 MeV) but there are exceptions where beam energies were even 300 GeV. The
cross sections of Webber et al. come from big experimental campaign performed in Lawrence
Berkeley Laboratory Bevelac over the period of 5 years, aimed especially on measurement of
cross sections useful for astrophysical applications. The liquid hydrogen and helium targets were
irradiated by about 30 separate beams of relativistic nuclei from B to ®*Mn of the energy of
about 600 MeV /nucleon.

Both the data of Read and Viola as well as those from Webber et al. are of good quality (the
error bars are mostly small (about 5%)). For energy region where the both sets of the data
overlap they are in agreement except for Li where discrepancies are of the factor of 2.

Precise nuclear spallation cross sections are needed in astrophysics also for other purposes [32]. Tt
is believed that extinct radioisotopes like 26Al, ' Ca and °3Mn that existed at the time of forma-
tion of the solar system and which have been found in meteorites were produced by interaction
of low energy cosmic rays with ISM. In general, for better understanding of the radionuclide
composition of meteorites found in recent years on Antarctic ice fields and in hot desert the
plenty of new spallation cross section are needed. The study of interaction of protons and alphas
with variety of target nuclei is needed for investigations of solar cosmic rays exposure of the lunar
surface material as well as of the Earth atmosphere.

2.2.2 Nuclear waste transmutation

A great issue of the contemporary nuclear power industry, having significant political and social
implication is the disposal of the long-living radio-toxical products of the nuclear power plants.
Beside the transuranic elements the most danger are the long living fission fragments. Few of
them have a half-life time of millions years (**°I - 15.7 million years, 33Cs - 2.3 millions years,
93Zr - 1.53 million years). Other have the half-life times of hundreds thousand years (*Tc -
211 thousand years, '2°Sn - 100 thousand years, ”Se - 650 thousand years) They are a strong
emitters of the nuclear radiation. And since in the power plant industry they are produced in
significant amount their total radio-toxicity impose a need for their storage in the way assuring
the medical safety for the world not only in presence but over an incredible periods ranging to
hundreds of thousands years ! The control of the hazard crated when these fission fragments are
disposed in the geological repositories in such long periods is naturally questionable.

The idea of nuclear waste transmutation with the so-called Accelerator Driven Systems (ADS)
arose in 90-th of XX century (for subject overview see e.g. [33][34, 35, [36]). It consists in utilizing
of proton induced spallation to produce the intense neutron fluxes. The nuclear waste would be
exposed for these neutrons. In effect the transuranic elements to the great extent will undergo
the fission and create the stable elements. The lighter radioactive elements of the longest life
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time could be driven into rapid disintegration and transmutation by a neutron capture with the
so-called Adiabatic Resonance Crossing (ARC).

The key issues in such ADC are the powerful (order of MW) proton beam accelerator and such
control of the spallation process which allows the creation of the neutron fluxes of the most
appropriate energies and intensities.

2.3 Experiment driven development of spallation physics

As mentioned above the unified mathematical description of the unstable nuclear matter is still
not feasible. Instead, the attempts to describe the mechanisms of reactions where the decay
of the excited nuclear systems are observed are done with the use of the reaction models where
various assumptions and simplifications have to be done. The models have to be benchmarked on
the experimental data. The higher merit of the theoretical model the broader set of observables
it is able to describe properly.

The proper definition of the set of experimental observables required in order to draw the justified
conclusion about the nature of the relevant mechanisms is very important. Conclusions are
based on the interpretation of the experimental results within the applied theoretical model.
The validation of the predictive power of the models and concluding about the nature of the
implemented mechanisms will be of significant confidence only with the use of the exclusive and
precise data.

In this respect the ideal experiment providing the data for interpretation with the spallation
models would be of 47 solid angle acceptance, with detection system of high granularity, where
all nuclear products are registered event-by-event in a broad energy range allowing for full recon-
struction of event and tagging of all possible coincidences and correlations. Unfortunately such
an experiment was not performed up to now. Instead more simple setups were used.

The experimental studies on proton-nucleus interaction at energies relevant to the spallation
processes (1, > 100 MeV) are performed over decades. They were originally motivated by the
intensive research in the field of neutron physics. It was realized that although the spallation is
a source of less neutrons than e.g. the nuclear reactors but the neutrons from spallation can be
more easy handled than those from reactors. The new increase of interest on spallation processes
has been triggered by development of ideas about powerful spallation sources or accelerator
driven nuclear waste transmutation.

The available data base concerning the spallation is broad. However, only the results obtained
during last 20 years where application of event-by-event detection techniques, the usage of precise
solid state detectors and high granulation of detector distributed over broad solid angle permitted
to collect the sets of exclusive observables like double differential cross section giving the deeper
insight into the complexity of the spallation processes.

Experiments like NESSI [37, 38|, PISA [1], the neutron measurements at SATURNE [39] and
few others supplied the vast collection of the valuable data. The double differential cross sections
do /dQUdE have been measured at many emission angles for diverse reaction products including
nucleons, Light Charged Particles (LCP) (particles with Z < 2) Intermediate Mass Fragments
(IMF) (A < 0.3 * target mass), heavy fragments, fission products, reaction residua and pions.
These experiments were performed in broad range of incident energies (few hundreds of MeV -
few GeV) and for varied target materials (12C - 23%U).
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The most valuable data, which are suggested as a benchmark for contemporary theoretical models
of spallation reactions were collected and presented in consistent form under the auspices of
International Atomic Energy Agency (IAEA) (see [40, 41] and references therein).

In the following subsections the two of experiments which are among those of the greatest impact
on the spallation model development in the recent years will be presented in shortened way. In
the next chapter the PISA experiment performed at the COSY accelerator in Jiilich (Germany),
which supplied the broader and the most precise set of experimental spallation data up to now
will be described with details. The results of PISA form an experimental material predominantly
used in this dissertation.

2.3.1 The NESSI experiment

The NESSI experiment [37, B8] was performed in Research Center Jiilich (Germany) with the
use of the external proton beam of the COSY accelerator [42] (about the COSY storage ring see
Section. The experimental apparatus of NESSI has been constructed as a silicon detector ball
(Berlin Silicon Ball - BSiB) [43] embedded within the spherical tank called the Berlin Neutron
Ball (BNB) [44], [45]. The outer diameter of the setup was equal to 1.4 m.

The volume of 1500 liters of the BNB was filled with the liquid scintillator doped with gadolinium.
This detector was used to measure the neutron fluxes. The thermalized neutrons from the
spallation were captured by gadolinium. The s from gadolinium deexcitation have been detected
with the use of 24 photomulipliers installed at the outer shell of BNB. Detection efficiency of
BNB was a function of a kinetic energy of detected neutrons and varied from 80 % for slowest
neutrons to about 10 % for the ones of 90 MeV. As the majority of detected neutrons had energies
Erin < 10 MeV, the actual detection efficiency of BNB was rather high.

The internal detection ball of diameter equal to 20 cm was constructed out of 158 silicon detectors
of the 500 pm thickness. This detector served as a charged ejectiles counter. Charged particles
have been identified with the time of flight (TOF) versus kinetic energy (Eg;,) technique. As a
"START" detector for the TOF measurement the thin scintillation counter located in the beam
line before the NESSI apparatus was used. Other scintillators installed also in the beam line
were used for beam monitoring and for determination of the absolute beam luminosity. The
TOF-Eg;, technique permitted for the mass A resolution of +3 for particles of mass number of
A = 20. The mass resolution gets worse with increasing the registered mass.

Silicon Ball has been equipped additionally with the six telescopes consisting of 80um and 1000
pm thick silicon AE detectors followed by a 7 cm thick CsI scintillator working as E detector.
The telescopes intended for isotopes identification of light reaction products by means of AE-E
method were installed at laboratory emission angles of 30°, 75°, 105° and 150°.

The targets were installed in the center of the detection sphere with a movable target holder
The angular acceptance of NESSI detector was equal to 90 % of full solid angle. The NESSI
experiment as a first one permitted the registration of the correlations between the charged
spallation products and the neutrons.

The experimental program of NESSI was conducted over many years and was very successful.
It comprised both the measurement with the thin targets for intra-nuclear (within the same
target nucleus) interaction as well with the thick target permitting the inter-nuclear (ejectiles
of one nuclei induced the reaction in other ones within the thick solid state target) reactions
studies. Measurements were performed for the targets from broad range of materials - between
12C and 238U and in the almost whole range of COSY energy (from 0.4 to 2.5 GeV). The NESSI
collaborations published the data for the neutron multiplicities, the correlation between the
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neutrons and charged particles multiplicity, the total reaction cross sections, total cross sections
for individual ejectiles, distributions for excitation energies and the double differential cross
sections for spallation products.

Before installation in Jiilich the NESSI apparatus was used for studies of antiproton induced
excitation of nuclear matter at LEAR and PS (CERN). The details about the NESSI experimental
setup, applied detection techniques and the scientific achievements of the NESSI collaboration
can be found in the following references: [37, 38|, 46}, 47, [48] and in the references therein.

2.3.2 Neutron production at SATURNE

Very useful and precise data for double differential cross section for neutron production in proton
induced spallation were obtained in experiment performed in CEA Research Center in Saclay,
France [39]. The proton beams of SATURNE accelerator have been exposed to metallic targets
of Al, Fe, Zr, W, Pb and Th. The thicknesses of the targets varied between 8.1 g/cm? and 39.8
g/cm?. The neutrons from spallation had to be selected from the charged particles and various
sort of background induced mainly in secondary reactions.

In order to select, count and determine the energy of the neutrons from initial spallation the
two detection techniques were used. For the low energy neutrons of the energy from 3 MeV to
400 MeV the time of flight (TOF) technique was sufficient. The separations and registration
of neutrons of energy higher than 200 MeV required more complicated apparatus and data
processing. As a "START" counter the 1 mm thick plastic scintillator was used. It registered
the impinging protons, which afterwards impacted onto the target. The ejected neutrons were
registered by a liquid scintillator located at the distance of 8 m from the "START" detector.
Behind the target the magnet was installed that deflected the charged particles outside the
acceptance of the neutron detector. A neutron collimator made of concrete, shadow bars and set
of anticoincidence detectors were required in order to suppress the spurious events. With this
technique the energy resolutions was of the order of few percent but with increase in energy of
registered neutrons above 200 MeV it worsened significantly.

For this reason in order to measure precisely the distributions of higher energy neutrons the
indirect method of their registration was needed. An additional liquid hydrogen target was
used in which the high energy spallation neutrons were converted into protons by the elastic
scattering. In order to measure the momenta of resulting protons the dipole magnet of the field
of 0.5 T was applied. The proton trajectories were determined with the use of positive sensitive
wire chambers. Momentum of initial neutrons were calculated with assumption of neutron-
proton conversion with the elastic (n,p) process. Other processes contributing to the proton
production in hydrogen converter target were suppressed by identification of charged particles
of different masses with the TOF versus momentum dependence. This method permitted for
precise registration of neutrons of energies up to 1600 MeV.

The double differential cross sections were measured in reaction plane in almost whole neutron
emission range. The angular range spanned from 10° to 160° with the step of 15°. The ex-
perimental arrangement permitted also to collect data at 0°. Since the rotation range of the
apparatus used for indirect registration of higher energy neutrons covered the detection angles
from 0° to 85 ° only for these forward emission directions the neutrons of the energies up to 1600
MeV could be detected.

The experiments were performed for all mentioned above target materials at three incident proton
beam energies of 0.8, 1.2 and 1.6 GeV. The absolute normalization uncertainty for the measured
cross sections was estimated to be lower than 16 %.
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For details of setup, experimental procedures and obtained results see |39, 49} 50, [51] and refer-
ences therein.

The vast spectrum of subjects related to the explorations of spallation physics which in-
clude also the exhaustive presentation of the motivations related both to the fundamental
research as well as to the multiple current and future applications of spallation physics is given
in handbook of Filges and Goldenbaum [52].
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3 The PISA experiment

Below the description of the PISA experiment as an example of modern spallation experiment
will be given.

The main objective of the PISA experiment was to provide a new precise set of spallation data
which cast a new light on the reaction mechanisms and will serve as a restrictive criterion for
the development and validation of spallation models. Since the PISA experiment was associated
with the big international project of construction of the European Spallation Source (ESS) it
was especially important to put attention on the measurements with the typical construction
materials. The aim was to study the energy- and mass dependence of the spallation cross sections
with the measurement of the distributions of double differential cross sections, d?c/dQdE, of
an isotopically identified products of target bombardment with protons. The energy range of
projectiles in the PISA experiment was defined by the kinetic energies of accelerated protons
from the COSY storage ring and spanned from 100- to 2500 MeV. As a targets the selected solid
state materials of the masses between C and Au have been used.

3.1 COSY accelerator

A very suitable machine to perform such spallation experiment occurred to be a COller SYn-
chrotron (COSY) in Research Center Jiilich, Germany [42]. The PISA apparatus was installed
at the internal station of COSY ring taking advantage of the multiple beam-target interaction
due to circulating accumulated proton packages. (cf. fig. [3.1). The main features of the COSY
accelerator are as follows: energy range 0.045 — 2.6 GeV (protons), 0.023 — 2.3 GeV (deuterons),
transverse and longitudinal cooling (electron and stochastic), beam and targets polarization, in-
ternal and extracted beams. The internal beam intensity range reaches 10'! protons/cycle. The
best (lowest) achievable proton beam momentum spread is % < 51075,

3.2 Experimental setup

Earlier experimental studies of proton induced spallations showed that the production yield of
particles is dependent on the emission angle but the shapes of experimental distributions vary
smoothly over the § angle. Thus, when the PISA detection system was designed it was decided
that the reaction products will be detected at a few emission angles only. The location of the
detectors was selected in order to allow a reliable extrapolation of the measured cross sections
over the whole angular range of the detection plane. Fig. presents the location of the
detection arms installed at the scattering chamber of the PISA experiment. In order to study
the angular dependence of the cross section and to permit the angular interpolation of measured
quantities it was decided that particles will be registered at nine angles: 15°, 16°, 20°, 35°, 50°,
65°, 80°, 100° and 120°. The relatively low detection angles of 15° and 16° were achieved by
locating the target position outside of the center of scattering chamber. The target position was
shifted from the chamber axis upwards of the beam trajectory.

In order to conclude on both the general as well as the detailed features of recorded spallation
spectra the energy detection threshold of the detectors should be about 1 MeV /nucleon and the
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Figure 3.1: The experimental infrastructure of the COller SYnchrotron (COSY) in Juleich, Germany.
The accumulating ring (on the top of the figure) is supplied with 45 MeV protons or deuterons from
Cyclotron JULIC (bottom side of the figure). The beams are cooled and accelerated up to 2.6 GeV
energy and utilized in the internal beam experiments installed in the ring or are extracted and guided to
the external experimental areas. The position of the installation of the PISA experiment in the internal
beam station is indicated.

detection range shall extend up to few hundreds of MeV. This aim was achieved by application
of a combinations of various kinds of detectors:

e silicon detectors operated in the vacuum of the scattering chamber. They formed the
telescopes installed in a suitable cooling station and operated at temperature of -10° C.
The first detector in the telescope of the thickness about 50 pm assured the low detection
threshold whereas the following detectors (of the typical thicknesses about 400 pm and
6000 pm) served as degraders/stoppers for higher energy particles. The thermal noise
suppression of the cooled silicon detectors increased their energy resolution permitting the
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Figure 3.2: Scattering chamber and detection arms of the PISA experiment. The detection arm situated
at 16° detection angle is not shown.

isotopic identification of detected particles. With such telescopes the detection arms at
35°, 50° and 80° were equipped;

e similar Si-detector telescope as those described above, cooled and operated as well in vac-
uum, but followed by an CsI scintillation detector (thickness 7 cm). The scintillators were
placed outside the vacuum chamber but separated from the vacuum only by a thin 50 pm
thick stainless steel window. Such an arrangement of detectors was used for registration of
particles emitted at 100°;

e the detection arms situated at 16°, 20° and 65° were formed by the four silicon detectors
of the thicknesses between 90 and 1000 pum in the telescope followed by a 7 cm thick CsI
scintillator. All these detectors were placed in the air just after the 50 pm thick window
made of stainless steel;

e most complicated were the detection arms at 15° and 120°. The reaction products could
be registered or stopped in the system consisting of:

— assembly for the time of flight (TOF) measurement formed of two Micro Channel
Plate (MCP) detectors at distance of 27.4 ¢cm and installed in the properly designed
frames assuring the transition of the detected particles;

— axial ionization chamber called Bragg Curve Detector (BCD) permitting the mea-
surement of a charge and energy of the particles. Together with the preceding TOF
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system they were intended for full identification of the particles stopped within the
detector volume;

— two large area silicon detectors of the thicknesses of 150 and 500 pm;

— Csl scintillating detector of the thickness of 7 cm.

First three components of these detection arm were operated within the vacuum system of
the experiment whereas the scintillators have been separated from a vacuum by a 50 pm
stainless steel window.

The Bragg Curve Detectors shown in fig. was implemented into the PISA experimental
system also due to their low energy detection threshold. As gaseous detectors with thin entrance
window they were able to register and identify the reaction products of the kinetic energies down
to 0.5 MeV /nucleon [I]. It has to be however stressed, that the operation of ionization chambers
of the typical work pressure of the isobutane at the level of 300 mbar within the vacuum system
of the COSY accelerator where the demanded vacuum should be better than 10~8 mbar was a
challenging task. Fig. [3.3] shows the arrangements of the 15° and 120° detection arms which
was equipped with axial ionization chambers. Proper sequence of pumping of individual part
of the detection arm, condition to start the gas flow and procedures of venting the system had
to be developed. The automatic vacuum safety system of the detection arms was built and
incorporated into the COSY vacuum operation system. Continues monitoring of the vacuum
conditions in the PISA scattering chamber and in the detection arms was performed. I case
of any worsening of the vacuum in the intermediate part of the detection arm or in the PISA
chamber the whole section of the COSY ring where the PISA apparatus was installed would be
cut-off and the beam would stop. The construction of BCD (cf. fig. was optimized in order
to assure an endurance of the thin entrance window of the detector (working as a cathode of the
chamber) to withstand the pressure difference of few hundreds mbar. The BCD windows, before
qualified to the usage had to undergo a tests of their tightness as well as the mechanical and
electrical stability. In fig. the detail description of the MCP ensemble is given.

DETECTION ARM

t } \ PHOSWICH

Y9 Si TELESCOPE

MCP - Multichannel Plate
IMV - Intermediate Volume

BCD - Bragg Curve Detector

Figure 3.3: A scheme of a detection arm installed at 15° and 120°. Beside the detectors also the
elements of the vacuum and gas flow system are shown. For details see the main text.
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Figure 3.4: The cross section of the axial ionization chamber (so-called Bragg Curve Detector (BCD))
used in the PISA experiment at internal beam of the COSY accelerator. The internal location of additional

Si-telescope is indicated as well.
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Figure 3.5: Assembly and idea of working of transition micro channel plate detectors used in the

detection arms at 15° and 120°.

The great advantage of the experiment conducted at the internal beam of the COSY accumulator
ring was a high luminosity resulting from the multiple beam circulations and irradiation of the
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target during each beam revolution. During each of the operation periods of COSY (beam
injection, acceleration, on-target interaction and dump) the number of beam revolutions per
second was ~ 108, With this feature of the internal beam experiment an opportunity was gained
to apply a very thin targets, minimize the reaction product rescattering in the target and avoid
the high energy losses in the solid state target.

The target (fig. had form of a thin, typically ~ 150 pug/cm?, narrow strip (with the width
of 2 mm) stretched horizontally on a stainless steel frame of a fork shape as it is shown in fig.
[3:6] During the filling of the ring with protons and their acceleration the beam was steered to
pass underneath the PISA target. When the beam achieved the required kinetic energy it had an
elliptical cross section with a horizontal diameter of less than 3 cm. It could be then gradually
bumped onto the target strip avoiding the interaction with target frame. The beam was steered
towards the target in the feedback mode assuring the almost constant beam-target interaction
rate and optimal detection load on the detectors. When the whole accumulated beam was used
the new proton injection took place and acceleration process has been initialized again. In order

front view side view

] frame
B rorger

| 2 (N C Au)

Figure 3.6: The PISA target as a thin ~ 150 pg/cm?) narrow strip of 2 mm width, stretched horizontally
on a stainless steel frame of a fork shape. The accelerated proton beam of an elliptical cross section and
horizontal diameter of less than 3 cm interacted only with target material avoiding hitting the frame.

to assure the possibility to exchange a target during the experimental run without disturbing
the ultra-high vacuum (UHV) conditions in the chamber and in the COSY ring the reaction
chamber of PISA was equipped with a target magazine, of the capacity of up to eight targets.
They could be exchanged with the use of pincer grip and a movable target holder.

Another very fortunate effect of usage of the internal COSY beam for the PISA experiment
consisted in an application of so-called "supercycle" mode of COSY operation. In the subsequent
COSY cycles the beam could be accelerated to various final energies. This feature permitted
the data collection for various selected proton bombarding energies but at exactly the same
experimental conditions. In this way the systematic uncertainties resulting from variations of
experimental conditions were significantly diminished.

Utilization of the internal beam of the COSY storage ring and its unique advantages permitted
the PISA collaboration to collect valuable data of high statistic and unbiased with uncertainties
resulting from energy or angular straggling. However, it should be mentioned that this kind
of internal beam experiment like PISA is also charged with inconveniences resulting from the
specific place of a setup installation. They are:

e restricted access to the apparatus. Since the chamber and detection setup was located
inside the COSY ring any kind of work concerning the installation, tests, improvements,
and maintenance of the equipment had been possible only in few periods in the year free of
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routine operation of an accelerator. Otherwise, the demanded access to the apparatus was
possible during the experiment but then obviously at the expense of the user’s beamtime;

e observing of stringent vacuum conditions. The PISA scattering chamber with almost whole
detection system was an integral part of the COSY vacuum system. As mentioned already
in the description of the gaseous detectors used in PISA experiment the special precautions
had to be taken during PISA experimental runs. Any worsening of the vacuum conditions
inside the COSY sector comprising the PISA chamber resulted in immediate cut-off of
this sector from the ring vacuum system and break in the accelerator operation. The
chamber had to be designed and built in the Ultra High Vacuum (UHV) standard. This
concerned also all components of equipment which had a contact with UHV vacuum of the
COSY ring. They had to be constructed out of vacuum-friendly materials (e.g. stainless-
steel, aluminium, Teflon) with polished surfaces, and exposed to mechanical and chemical
cleaning procedures. Special care had to be put on the assuring of ideal tightness of the
silicon detector cooling system:;

e necessity of the late installation of the radiation sensitive components. The silicon detectors
could be installed shorty prior to the beam time when beam tuning was already done. They
had to be dismounted right after the beamtime in order to protect them from radiation
damage;

e necessity to obey the radiation safety rules. It concerned especially the access to the ex-
perimental area and transportation out of the irradiated elements of vacuum and detection
system when there was a need of their testing or reparation outside the restricted area;

e significant drawback of internal beam experiment is a lack of a total beam current integra-
tion and thus an impossibility of direct absolute normalization of measured cross section.
Instead an indirect method need to be applied. The problem of absolute normalization in
the PISA experiment is explained in section [3.4]

3.3 The data treatment

The presentation of the electronic setup and data acquisition system as well as a detailed de-
scription of a careful data calibration, selection and analysis is presented in [7]. Here only some
examples of collected data will be given in order to present they features and quality.

In fig. 377 and [3:8] an example of particle identification with the use of BCD is given. The data
were collected for reaction of p-Ni at 1.9 GeV beam energy. Fig. shows a scatter plot of
events registered in BCD. The amplitude of a Bragg peak is plotted vs. the kinetic energy of
the stopped particles. A clean separation of elements from He up to Si is visible. This allows
to fit the center of gravity lines along the individual distributions and project them onto the
Z axis (cf. fig. 3.8). A blow-up of the rectangle area marked on panel (a) visible in panel (b)
presents the onsets of separated individual distributions for a few elements. The separation of
the distribution from the low energy continuum defines the detection energy threshold.

Details about the construction, performance and achievements of BCDs used in the PISA exper-
iment are given in [1].

The housing of the telescopes of silicon detectors operated in vacuum has been designed in the
way permitting the cooling of the detectors with the use of liquid flow. The working temperature
of these detectors was set to -10° C causing a reduction of thermal noise of detectors of a factor
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Figure 3.7: (a) the scatter plot of the Bragg peak amplitude vs. the kinetic energy of the stopped
particles measured in BCD is shown. Along the centers of gravity of the individual distributions the lines
are fitted. Along these lines the Z distributions were linearized individually. The histogram resulting
from the projection of the linearized Z distributions onto the Bragg peak axis is depicted in fig. For
heavier elements, due to poor statistics at higher energies, the fitted lines do not cover the full stopping
energy range of the detector. Both the lower- as well as the upper energy limits used for histogramming
corresponds to the left and right ends of the fitted curve, respectively. (b) A detail of the upper panel
(marked there with a dashed rectangle) is depicted. It presents the lower energy limits, above which the
individual elements can be resolved. The common value is about 0.5 MeV /nucleon. The Z gates used for
linearization (see above) are indicated as well.

two in comparison to room temperature operation. Together with high quality of detectors it
resulted in excellent resolution of detectors and high quality of registered energy distributions.
The spectra recorded with the use of silicon detector telescope extended by 7 cm thick CsI(T1)
scintillators allowed for isotopic identification of reaction product with the use of AE-E technique
in broad range of energies and masses. Fig. [3.9] presents the scatter plot of energy losses of
spallation products of p-Ni reaction at 1.9 GeV energy registered in silicon detector 1 and silicon
detector 2 in the telescope at detection angle of 35°.

The clearly separated components originating from different isotopes of detected spallation prod-
ucts are well visible. Starting from the lower left corner the individual groups of distributions
are formed by isotopes of H, He, Li, Be, B, C, N. Splitting of the signals from Si-detectors and
feeding them into two signal processing branches of different amplification factors permitted to
register and sufficiently separate also the low energy-loss contributions of H and He isotopes.
This is shown in the insert on histogram in the right-upper corner of fig.

Similar example but for third Si detector in detection arm at 65° followed by Csl scintillator
is given in fig. A black lines superimposed onto the distributions present the energy
losses calculated with taking into account the nonlinear response of scintillator due to the light
quenching. It can be concluded that obtained energy calibration for PISA scintillation detectors
was of high quality.
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Figure 3.8: The histogram resulting from the projection of the linearized Z distributions onto the BP
axis as depicted in caption of fig. Identification spectrum of the charges of the p + Ni reaction
products measured at 15° at 1.9 GeV proton incident energy. The achieved resolution is AZ < 14% of
one charge unit.

3.4 Absolute normalization

In order to achieve the absolute normalization of the double differential cross sections measured
in the internal beam experiment at COSY the two different procedures were applied:

e cross sections measured for p-Ni reaction at 175 MeV energy were compared and normalized
to the data from [53];

e the PISA experimental results obtained for all other beam energies and target materials
were absolutely normalized by means of comparing the total production cross section for
"Be isotope obtained by PISA with the values known from the literature. This procedure
is described in [54].

The (ﬂ;—jE for Ni(p,p’) at 175 MeV proton energy has been measured at external beam [53] for
several emission angles in the angular range from 15° to 120°. It has been determined with the
uncertainty of 10%. The comparison with the PISA experimental results obtained for the exactly
the same emission angles were possible for 15°, 20°, 65° and 100°. The effect of this comparison
and normalization is shown in fig. for 20°, 65° and 100°. The shapes of the relevant



28

Energy loss Si2 vs. Si1 [ch]

3500

o S8 10
| .
L ]

2000 sa_L|?:9“‘|?:;_r;1%'_ih’d"'fu:i‘“s;un' ‘;éﬂ I ‘zg 10"
1500 ]

1000 ,
10|

T"I’l'i"l"hl"l] II'| ll.ll 1 I T— - l - — - |

500 ~1000 1500 2000 2500 3000 3500

Figure 3.9: A scatter plot of energy losses in silicon detector no. 1 (48 ym) and no. 2 (426 ym) of cooled
Si-telescope at 35°. Individual groups of distributions are formed by isotopes of H (most lower-left), He,
Li, Be, B, C, N and O (unresolved component). The insert on the histogram in the right-upper corner
shows resolved contributions of H and He isotopes recorded due to higher amplification factor used for
one branch of split signals. The units are arbitrary. This figure is adapted from [7]

distributions obtained in both experiments agree very well. Distributions usually overlap. The
discrepancies in the magnitudes visible in some parts of the energy spectra are never bigger than
15%. With the usage of the minimization procedures described in [7] it was concluded that the
overall error of the absolute normalization of PISA experiment results for 175 MeV energy is
lower than 18%.

The compilation of literature information about the total production cross section for “Be are
comprised in [54]. Since in the PISA experiment only the double differential cross section at a
few emission angles has been measured thus, in order to compare the PISA data to those from
the literature an energy- and angle integration was needed. The integration over the emission
angle was based on the interpolation between the known values with the use of phenomenological
formula of single moving source. Description of the hypothesis of the moving sources responsible
for the observed distributions of spallation products will be given in chapter[7} Since the angular
dependence of cross section vary smoothly the interpolation error is negligible.

Integration over the energy was more complicated due to a cut-off of the experimental spectra at
the detection threshold. Usually the position of the low energy maxima attributed to the height
of the Coulomb barrier between the residual nucleus and emitted “Be particle have been missing.
This fact introduced the interpolation uncertainty in the region where the cross section is the
biggest. On the basis of the results of reverse kinematics experiment [55] it was assumed that
dominating component of energy spectra has a Maxwellian shape. The measured in [55] position
of the peaks where slightly lower than the values of the Coulomb barrier calculated from classical
formula assuming the spherical charge of Z comprised within the sphere of a radius proportional
to A'/3 (Z, A - atomic and mass numbers of relevant nuclei).
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Figure 3.10: A scatter plot of energy losses in silicon detector no. 3 vs. energy losses in subsequent
scintillation counter CsI(T1) in the detection arm situated at 65°. The thicknesses of the detector were
1 mm and 7 cm, respectively. Superimposed curves depict the calculated energy losses. The appropriate
energy calibration for nonlinear light output of scintillators has been used. The units are arbitrary. This
figure is adapted from [7]

Under the above assumption and corrections the phenomenological formula of one emitting source
was fitted simultaneously to all “Be spectra measured in the PISA experiment at seven scattering
angles. Obtained in this way the total cross sections for “Be production have been compared to
the literature values as described in [54]. The agreement was very good. The total uncertainty
of this method of the cross section normalization was estimated to be 20%.

A direct comparison of results of both methods of cross section normalization applied to the data
for 175 MeV incident energy collected by the PISA collaboration showed their agreement within
a 20% error as well. Thus, taking into account high statistics of the collected data and the good
control of systematic components of measurements uncertainty the maximal total error for the
cross sections measured in the PISA experiment was estimated to be 20%.

3.5 Verification of PISA results with other experimental
measurements

First of all the shapes and magnitudes of cross sections measured in the PISA experiment had
to be confronted with results of other experiments performed at the same or similar conditions.
It is possible in few cases. As already mentioned in sectionthe data of [53] have been used as a
reference for absolute normalization of distributions resulting from 175 MeV proton bombardment
of "Ni target. Fig. in Sectionproves the very good agreement of shapes of 'H distributions
registered in both experiments at the same laboratory emission angles of 20°, 65° and 100°.
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Figure 3.11: Comparison of the f;—dEE for Ni(p,p’) at 175 MeV published in [53] (symbols) with those

obtained in the PISA experiment (lines) for 20°, 65° and 100° laboratory emission angles. Good agreement
of the shapes of the distributions prove a validity of the normalization of results from the internal beam
experiment PISA with the values obtained in [53] where the number of beam protons was measured
directly.

Taking into account the obtained normalization factor, an overall agreement of experimental
data lays within 20% error.

For higher reaction energies the overlapping or similar experimental conditions as in PISA ex-
periment were used in few cases in the NESSI experiment. The examples of good agreement
of distributions collected in both experiments at proximate conditions are given in figs. [3.12
- for protons, deuterons, tritons, 3He, *He and ®Li collected when °7Au target has been
bombarded with 2.5 GeV energy protons.

It has to emphasized that in these cases when the experimental conditions like bombarding
energy, detection angle, range of detection energy of the PISA experiment were the same or
similar to those of other experiments the shape and magnitudes of obtained cross sections agree
very well with the results of other groups. Yet the results of the PISA experiment are biased with
lower uncertainty due to higher statistic collected at the internal beam experiment and lower
systematic error.
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Figure 3.12: Comparison of double differential cross sections derived from data collected in the NESSI
(squeres, green) and PISA (triangles, red) experiments. In both cases the 2.5 GeV proton beam has
been impinged onto the '°”Au nuclei. The selected detection angles in both experiments were in close
proximity as indicated.
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Figure 3.13: The same as in fig. [3.12| but for deuterons.
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Figure 3.14: The same as in fig. [3.12] but for tritons.
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Figure 3.15: The same as in fig. but for 3He.
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Figure 3.16: The same as in fig. but for “He.
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Figure 3.17: The same as in fig. but for 6Li.
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4 Results of PISA experiment

4.1 Double differential cross section measured in PISA
experiment

The data collected in the PISA experiment show the variety of incident energies and target
materials combinations. The nuclear targets used in experiment consisted of 197 Au, "*Ag, "*Nj,
2TAlL 12C. All these target nuclei were bombarded by protons of energies 2.5 -, 1.9-, and 1.2 GeV.
For the Ni target additionally a low beam energy of 175 MeV was used. Detectors installed at
nine fixed laboratory angles, registered the reaction products in various energy ranges depending
on their detection thresholds, granularity and total thickness. The relevant spectra for reaction
ejectiles of 'H, 2H, 3H, 3He, *He, SHe, SLi, "Li, 8Li, "Be, ?Be, 9Be, B, ''B and isotopic
unresolved of C, N and O were derived from the data. In this way the largest ever obtained set
of double differential cross sections, d?c /dQ2dE, for proton induced spallation has been collected.
Out of this huge data base a representative selection of double differential cross section will be
shown in order to indicate all the noticeable features of distributions in their dependence on the
incident energy, the target nucleus, an emission angle and a kind of ejectile.

The experimental results are presented in the way allowing the direct comparison of distribution’s
shapes dependence both on projectile energy and emission angle as well as on the mass of
bombarded target. Figures from to comprise the double differential cross sections for
three laboratory detection angles for proton incident energy of 2.5 GeV (red triangles), 1.9 GeV
(blue squares) and 1.2 GeV (green circles). For Ni target also the data for low bombarding energy
of 175 MeV were collected and they are depicted with purple stars. The distributions of LCPs
are presented for emission angles of 16°, 65° and 100°, whereas these of IMFs were registered
at 35°, 50° and 100°. For individual ejectiles the ranges of all histograms in the figures are the
same.

An inspection of presented distributions permits to conclude about the following general features
of energy- and angle dependence of cross section for proton induced spallation products:

e The shapes of the spectra for individual ejectiles are almost the same for three highest
bombarding energies of 2.5 GeV, 1.9 GeV and 1.2 GeV. The noticeable differences are
observed only when the distributions registered at lowest incident energy of 175 MeV are
included;

e The angular dependence of distributions’ shapes is monotonical;

e The magnitude of cross sections varies very little among bombarding energies of 2.5, 1.9
and 1.2 GeV. The differences are higher for heavier targets and are comprised within a
factor 2 for 7 Au target whereas for 2”Al and '2C the distributions for three highest beam
energies overlap. For these cases where cross section depends on bombarding energy it is
bigger for higher kinetic energy of projectile;

e Even when the bombarding proton has only 175 MeV kinetic energy the yield of forward
emitted protons and deuterons is similar as these for higher incident energies. It drops
however with increase of the emission angle and the mass of emitted ejectiles;
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e If the detection range is sufficient at the low energies (< 50 MeV) the component with
peak and steeply falling edge is visible. The peak position is stable. This component is
independent of emission angle;

e A few times less abundant but extending over longer energy range component is observed at
higher emission energies. It is less steep but anisotropic - the slope is rising with detection
angle;

e The yield of particles of the second component decrease with the mass of ejectile and its
emission angle;

Interesting are differences between the cross sections for isobars like 2H and 3He, He and 5Li "Li
and "Be, '°Be and '°B. For heavy targets (7 Au,"*Ag) the emission yield of isotopes containing
more neutrons is higher. For 3He the low energy component, namely the dominating peak at
energies lower than 40 MeV is missing. However, this component is present for neighboring
isotopes of 3H and “He.

The interpretation of the shapes of the measured cross sections on the basis of the existing
theoretical models and beyond them will be presented in chapters [6] [7] and [9]
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Figure 4.1: Results of the PISA experiment: double differential cross section for proton emission after
bombardment of various target nuclei by protons of kinetic energies of 2.5 GeV (triangles, red), 1.9 GeV
(squares, blue), 1.2 GeV (circles, green) and 0.175 GeV (stars, purple). Left column: forward emission
angle of 16° in the laboratory system; middle column: laboratory emission angle of 65°; right column:
backward emission angle of 100°. The most upper row comprises data related to disintegration of heaviest
target nuclei used in the PISA experiment, namely the *7Au. Following rows presents data for "*Ag
(second one), "%Ni (third one), 27Al (forth row) and 2C (fifth row). The lowest incident proton energy
data of 175 MeV are available only for Ni target nuclei. Both vertical as well as horizontal ranges of all
histograms are the same.
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Figure 4.3: The same as in fig. [£.I] but for emission of tritons.
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Figure 4.4: The same as in fig. but for emission of 3He.
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Figure 4.5: The same as in fig. but for emission of *He.
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Figure 4.6: The same as in fig. but for emission of ‘He.

100

41



42

100°

d°c/dQ dE [mb/MeV sr]

12 A 25GeV
1k : i o 19GeV
o 12GeV
3 3 % 0.175 GeV
E E
50 100 150 50 100 150 50 100 150

E [MeV]

Figure 4.7: Results of the PISA experiment: double differential cross section for SLi emission after
bombardment of various target nuclei by protons of kinetic energies of 2.5 GeV (triangles, red), 1.9 GeV
(squares, blue), 1.2 GeV (circles, green) and 0.175 GeV (stars, purple). Left column: emission angle of
35° in the laboratory system; middle column: laboratory emission angle of 50°; right column: backward
emission angle of 100°. The most upper row comprises data related to disintegration of heaviest target
nuclei used in the PISA experiment, namely the %7 Au. Following rows presents data for "**Ag (second
one), "Ni (third one), 27Al (forth row) and '2C (fifth row). The lowest incident proton energy data of
175 MeV are available only for Ni target nuclei. Both vertical as well as horizontal ranges of all histograms
are the same.
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Figure 4.9: The same as in fig. but for emission of 8Li.
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Figure 4.10: The same as in fig. but for emission of °Li. No sufficient statistics has been registered
for 9Li emission from '2C target.
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Figure 4.11: The same as in fig. but for emission of “Be.
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Figure 4.12: The same as in fig. but for emission of ?Be. No sufficient statistics has been registered
for “Be emission from '2C target.
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Figure 4.14: The same as in fig. but for emission of '°B. No sufficient statistics has been registered
for °B from !2C target.
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Figure 4.15: The same as in fig. but for emission of ''B. No sufficient statistics has been registered
for 1B emission from '2C target.
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Figure 4.16: The same as in fig. [£7] but for emission of isotopic unresolved C nuclei. No sufficient
statistics has been registered for C nuclei emission from 2C as well as from 27Al target.
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5 Theoretical approaches to the spallation
processes

Since spallation involves an energetic many body interaction of nuclear objects in nuclear medium
- the processes still insufficiently explored by basic theories - predictions of the individual reac-
tions have to be carried on by simplified nuclear physics models implemented into a computer
code and simulated with the Monte Carlo technique.

Moreover, a high complexity of physical processes interplaying during and after the hadron-
nucleus collision implicate a need of combination of various models expected to describe different
stages of the reaction. In effect the kind of hybrid models are created where the result of earlier
calculations is an input for modeling of the subsequent phenomenons with the use of different
computer code. Also the various scenarios of the reaction can be considered and then the
individual mechanisms are treated as alternative ones. Their activation depends on the current
conditions of the excited nuclear system and predefined probability functions.

5.1 Two step model

At the incident energy up to a few GeV it is generally assumed that a two step process is able
to describe the observed spallation phenomenons. Such approach was originally proposed by
Serber [56]. There is a common agreement that the low energy part of spallation distribution of
nuclear ejectiles is a product of process which can be successfully approximated by the statistical
processes of sequential evaporation or simultaneous fragmentation, either, where it is applicable,
by fission of exited nuclei. Depending on the mass and charge of an unstable nucleus, its excitation
energy and angular momentum, deformation and fissility the competence of the mentioned decay
modes is taking part. The theoretical bases for description of these statistical processes were
established already in [57] and [58]. The computer codes utilizing the ideas of evaporation,
fragmentation and fission like Gemini [59], Abla [60, 61, 62|, GEM2 [63, 64], SMM [65] are
used for predictions of the yield and distributions of the dominating low energy component of
spallation products. The statistical processes can be considered to play a role after the remnant
of target-like nucleus attained the global thermal equilibrium or the thermalization has been
achieved in the dominant part of its volume. The relevant time scale of the onset of statistical
phenomena is of the order of 10720 s.

In the current work the main interest is focused on the earlier stage of the spallation reaction.
It is of high importance to understand and describe the processes, which lead the knocked out
of balance target nucleus to the equilibrated state. It is convenient to refer to the period of
spallation reaction before the thermalization is achieved as a "preequilibrium" phase. It covers
the relatively short time after impinging particle had touched the target nucleus and before the
latter has achieved the statistical balance.

The models of the processes acting in the preequilibrium stage should take into account the
mechanisms of proton-nucleus interaction, the momentum and energy transfer to the target, the
phenomenons responsible for internal energy dissipation, the possibilities of the formation and
emission of abundantly observed diversity of reaction products. The preequilibrium models have
to reproduce total yields and the broad spectra of ejectiles’ energies and emission angles.
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5.1.1 First step - a cascade of binary collisions

Nowadays the approaches to the microscopic modeling of a nuclear collisions in the prequlib-
rium stage of spallations can be grouped into three branches which differ in the assumed general
philosophy of the hadron-nucleus interaction, the introduced assumptions and the accepted sim-
plifications. They are:

e application of the model of intranuclear casade which proceeds inside target nucleus after
the collision;

e application of the transport equation (like BUU or VUU) in order to generate the time
development of nuclear system;

e application of the so-called Quantum Molecular Dynamics (QMD) - the approach which
can be thought as a most advanced from point of view of implemented knowledge about
the quantum phenomena in the nuclear ensembles;

The three classes of the models differ in approximating the realistic shapes and dynamics of
nuclear potential. They could also take into account or disregard the particle correlations. In
all of these classes of models it is assumed that in the preequilibrium phase the cascade of
intranuclear binary interactions take part.

These three most popular in the recent decades approaches can be supplemented by the sub-
models responsible for phenomena not considered in the main model. This is often a case for
mechanism responsible for creation and emission of complex particles. A surface coalescence of
nucleons as proposed by Gutbrod et al. [66] or in the form of phenomenological mechanism called
a "snowball" [67] are used in INCL or BUU calculations [47], [68] or even are implemented into
the QMD model [69].

5.1.1.1 Models of Intranuclear Cascade

The idea of intranuclear cascade will be presented with an example of the Intra-Nuclear Cas-
cade Liege (INCL) model - the one which was strongly developed over last three decades with
significant manpower engagement and close collaboration with experimental groups. INCL will
be presented here with more details than other models dealing with the first step of spalla-
tion reactions since results of calculation with INCL are frequently utilized and recalled in this
dissertation.

The INCL model was originally intended both for heavy ion collisions as well as for light particles
induced reactions in energy range from few hundreds MeV to few GeV. In the latest version
of INCL (INCL4.6) [70] it is emphasized that the applicability of the model is extended to
energies as low as a few tens of MeV. With this model a significant improvement of description
of experimental data in the domain of energy spectra of single nucleons as well as for composite
spallation products and pions was achived. The development of the model in time can be traced
with the following references: |71, [72), [73], [74], [75] [76] (77, [78, [79, R0L K1) 82, 83 84, 85 86, 87,
68, 88, 89, 90, 91, [70, 92]. The theoretical basis of the model and its applicability constrains are
summarized in [93].

The basic assumption of intranuclear cascade model consist in the treatment of the nucleus
as a Fermi gas consisting of independent nucleons freely propagating in the phase space. The
phase space is limited by the radius of nucleus Rj,q; and the maximal Fermi momentum Pgp. A
constant, time and position independent nuclear potential Vj is assumed which influence only the
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particle’s emission probability and kinetic energy of ejectiles. (In INCL4.6 the isospin distinction
of potential depths for protons, neutrons and pions has been introduced). The movement of
the particles inside the nucleus is not correlated and their interaction is purely accidental. The
interaction rely on energy and momentum exchange between two counterparts which are at
the close distance each to the other. The collision can be elastic or lead to an excitation of
an new state. Probability and kind of interaction depends on the Monte Carlo sampling of the
parametrized experimental cross sections for the free nucleon-nucleon and nucleon-pion reactions.

5.1.1.1.1 Target nucleus For the initial spatial distribution of nucleons in the target nucleus
the Saxon-Woods formula of density distribution p(r) is used:

— P forr <R
plr) =4 L+ e - (5.1)
0 for » > Riaz

In the foregoing equation the r is a vector of a nucleon position in the Cartesian frame. The
origin of the reference system is located in the center of the nucleus. R4 = Ry + 8a, where Ry
and a are the parameters of the Saxon-Woods distribution depending on the mass number Ap of
the nucleus: Ry is the radius of the half-density and a is a diffuseness of the density distribution.
The experimental values of parameters of the Saxon-Woods distribution are derived from electron
scattering. They are available e.g. in [94]. pgy is a parameter related to nuclear ground state
density. Its actual value is selected in order to assure that the number of nucleons in the assumed
volume target nucleus is equal to the mass number Arp.

In INCL values of Ry and a were parametrized in the following way:

Ro = (2.745 - 10~4Ar + 1.063) AY® fm,
a=051 + 1.63 - 107%Ap fm.

The positions of nucleons are generated randomly inside the boundary volume.

The momentum distribution is generated randomly as well. Vectors of momenta p are homoge-
neously distributed inside the sphere extending to maximal Fermi momentum pp:

In the versions of INCL later than 4.2 the correlation between the momentum p of the nucleon
and the achievable position r in the nucleon volume was introduced. It was done in order to
reflect the fact that nucleons of higher momenta have a larger probability to propagate closer to
the nucleus surface than those of the low momenta.

5.1.1.1.2 Projectile The incident particles considered in INCL4.x versions are nucleons and
light clusters up to *He. In case of composite projectiles the intrinsic energies, space- and
momentum distributions of their nucleons are generated in similar way as for the target nucleus.
The impact parameters are taken as random from the distributions covering the area of maximal
nuclear radius of R,,... In order to take into account the rise of NN cross section, U}f\%\,, with
decrease of collision energy, at low incident energies the R, is extended by the so-called "range

of interaction", 7r,;:
Tint = \/ (03N /7) - (5.2)

At the beginning of the simulations the projectile is positioned at the surface of a sphere of the
target nucleus. The Coulomb interaction is taken into account.
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5.1.1.1.3 Collision Inside the target the particles move along straight lines according to their
current momentum vector. Collision are considered if for a pair of them the distance of a mutual

approach d is:
d < \(o¥/r) (5.3)

tot s a total cross section relevant for energies of interacting particles.

where o

The following elementary interactions are included to INCL:

NN — NN (elastic)

NN — NA(1232)

NA(1232) - NN (delta absorption)
7N — N (elastic)

N — wA(1232)

The origin of pions is a decay process of the A(1232) resonance:
A(1232) = 7N .

The isospin conservation is fulfilled by construction.

The cross sections used in INCL are derived from experimental distributions obtained for free
particles. The possible in-medium effect are disregarded. In the computer code of INCL the
probability of individual reaction is sampled with the use of cross sections parametrizations
proposed in |83, [85]. The angular dependence of cross sections 3—6 is introduced via a Mandelstam
variable ¢ and the following formula is used:

d

% ~ exp(B-t) . (5.4)
B is a parameter dependent on momentum and isospin of colliding particles and is parametrized.
t = (p1 — p3)? = (p2 — pa)?, where p; are the four-momenta of initial colliding particles (i = 1,2)

and outgoing ones (i = 3,4).

The relation of ¢ to the scattering angle 6 reads:
t=—2p% (1 — cosh) . (5.5)

The above dependences permit to take into account angular cross section and to calculate the
momentum transfer in the collision as well as to derive the appropriate scattering angle.

Collisions are allowed only for the so-called participants. These are the beam particles and
primary or secondary target constituents which interacted and gained an energy. Their energies
must be above the Fermi energy level. Otherwise, they are qualified as spectators similar like
the target nucleons which avoided interaction.

Another restriction for colliding particles introduced to INCL is the energy limit for collisions.
Neglected are so-called soft collisions of the CM energy /s < /sg = 1925 MeV (here s is a
Mandelstam variable). Such collisions of the low energy-momentum transfer do not influence
significantly the particle flow in the nuclear medium. Moreover they are usually blocked since
they lead to the phase-space states which are occupied (see below . In the INCL4.6
version the CM energy threshold for colliding particles was decreased since authors realized that
for the low incident energies of several tens of MeV the /so limit as above is too strict and it
was reduced to /sg = 1910 MeV.

Throughout the simulation of the whole cascade of interaction the relativistic kinematics is used.
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5.1.1.1.4 Emission Nucleons, pions and possible clusters which in their propagation through
the target nucleus attain the R, are checked if they can leave the potential well. Their kinetic
energy, F has to be higher than the potential well. The asymptotic kinetic energy, Fo, of emitted
particle is equal to:

Ewx=FE—-FEr—5, (5.6)

where Er and S are the Fermi energy and separation energy for the ejectile, respectively. The
values of S can be taken as a differences between the assumed potential depth and the individual
Fermi energies of particles. The precise physical values from the tables of nuclear masses could
be used as well. The charged ejectile have to additionally overcome the Coulomb barrier. For
this aim the Gamow factors for electrostatic barrier penetration are calculated and probability
of emission is sampled.

Particles of insufficient energy at the border of target nucleus are reflected back into the nuclear
medium. It is also the case for A resonances which are not allowed to leave the potential well.

5.1.1.1.5 Quantum effects - the Pauli blocking The collision of particles or the decay of
A resonance will be blocked if the states of the resulting particles are already occupied in the
available phase space. The Pauli blocking probability can be calculated in the strict way or the
so-called stochastic Pauli blocking is applied. In the strict Pauli blocking the interaction is always
blocked if the states of reaction products do not lie outside the "Fermi sea". The stochastic Pauli
blocking is less restrictive. The strength of the blocking is related to the number of nucleons
occupying the vicinity of the final state and comprised within the spheres of rpp and ppp. The
probability P of interaction is given by:

P =(1- fi)d - f), (5.7)

where f;, f; are phase-space occupation factors for particles 7 and j. They are calculated as
follows:

1 21h)3
fi= 5 % Z@(TPB — |rk —13]) x O(ppB — Pk — Dil) - (5.8)
3"PB 3PPB

where r;, p; are the vectors of position and momenta, respectively of the final state particles,
Tk, P are the vectors of position and momenta, respectively of the "Fermi see" particles of the
same isospin as i-particle and localized in the spacial and momentum sphere of rpg = 3.18 fm
and ppp = 200 MeV /c, respectively.

In the latest versions of INCL the first collision of the projectile with the in-medium particle has
to obey the strict Pauli blocking whereas a feasibility of the subsequent collisions is checked with
the stochastic Pauli blocking.

5.1.1.1.6 Composite particle production in INC - hypothesis of surface coalescence The
mechanism of surface coalescence in INCL was implemented first in the 4.3 version and adapted
from work of Letourneau and the NESSI collaboration [47]. The need of mechanism responsible
for composite ejectiles production in INCL stem from the limitation of binary cascade processes
only to the nucleons and pions in the output channel. The hypothesis of surface coalescence states
that outgoing nucleon which has sufficient kinetic energy in order to leave the target nucleus is
able to carry along the another nucleons. If the states of candidates for coalescence fulfill the
predefined conditions concerning the relative distances, momenta and isospins then out of those
nucleons a cluster is formed.
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In INCL the cluster is constructed as follows. Each outgoing nucleus being on the nuclear surface
is traced back to the nuclear medium to the depth D:

D=Ry+h, (5.9)

where h is a parameter. Along this path, in vicinity, other nucleons are searched for. They are
candidates for cluster formation together with the leading one. They can be adjoined successively
from the closest nucleon to the most distant one increasing the size of the cluster. The criterion
of proximity in the phase-space has to be fulfilled:

Tifi—1] Pijji— < ho(Aa) (5.10)

where:

Ti[i—1]s Pi,[i—1) - the position and momentum coordinates of the checked i-th nucleon with respect
to the coordinates of the current cluster formed out of [i — 1] nucleons (the leading nucleon has
index i = 1);

ho(Ag) - combined radius of the phase-space sphere delimitation.

In INCLA4.3 the hg parameter was independent of A, and was equal to 387 MeV fm/c. But then
only creation of the the lightest clusters i.e. 2H, 3H, 3He and *He were considered. In the current
version of INCL (INCL4.6) the stable cluster of the mass number up to A, = 8 are constructed.
ho vary with the mass of created cluster an take the following values:

424 fm MeV/c for Ag =2

ho(Ay) = 300 fm MeV/c for Ay =3 (5.11)
300 fm MeV/c for Ay =4
359 fm MeV/c for Ay > 4

The value of h is taken as 1 fm in the current version of INCL.

The cluster which was constructed according to the described above rule is checked if it can
overcome the potential and Coulomb barrier. If its net kinetic energy is greater than zero it is
ejected at the emission angle resulting from the sum of momenta of the contributing nucleons.
Its kinetic energy is calculated in a similar way as for the single ejectile. If cluster can not be
emitted it is deconstructed and involved nucleons are considered as single in-medium particles
with the states as before the cluster construction.

The implementation of the hypothesis of the surface coalescence improved the INCL outcome in
the domain of composite particle production. It caused, however, a deterioration of the prediction
power of the model for single nucleon emission and increased number of free parameters in the
model.

5.1.1.1.7 Duration of cascade calculation The time ¢4, in which the energy needed to
drive the cascade process is exhausted and the remaining target-like nucleus attain the thermal
equilibrium in the INCL model is related to the mass number A of the initial target nucleus:

0.16
tstop = 70- (2?8) (fm/c). (5.12)

After this time the simulation of the cascade for a given event is stopped and model selected for
the second reaction step is activated (see below the discussion in subsection [5.1.2)).
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5.1.1.2 BUU transport equations

A suitable tool for simulating the fate of the particles embedded in the nuclear medium of
bombarded target nucleus is the so-called transport equation developed originally by Boltzmann
for classical gasses and adapted for quantum gasses by Uehling and Uhlenbeck [95]. From these
names the acronym BUU was created which is commonly used in order to refer to the model used
to describe various nuclear phenomena [96], [97], [98], and among them also the preequilibrium
part of spallation reaction [99].

Nucleons (counted with the index i) are described by their phase-space distributions f;(7,p,t).

They can move in the nuclear mean field U and collide with other particles according to the

differential cross section gg and the relative velocity of colliding particles i, j: v;;.

The BUU transport equation has a form:

of . B 4 3 3 do
S U = U Ol = s [ A’y 405 vy

AR50~ £ = £) = fofy (0= )= £)] x @S G+55 -7 5}

where the left hand side describes the propagation of particle i of the velocity v¥; in the mean
nuclear field U. The collision term on the right hand side of the equation takes into account an
interaction among the nucleus constituents. The Dirac’s delta assures the momentum conserva-
tion whereas the term in square parentheses impose the fulfilling of the Ferimi-Dirac statistics
for nucleons and allows to block the interaction when resulting conditions do not obey the Pauli
exclusion principle.

The evolution of the mean field in the course of reaction has to be assumed. Usually it is
postulated that the dependence between the mean field and the density distribution of the
nuclear ensemble has a form of the Skyrme parametrization:

Ulp) = A(pi) + B (p’;)a . (5.14)

In the above equation pg and p are ground state and current nuclear densities, respectively.
Coefficients A and B represent the attractive and repulsive part of the potential. Parameter o
is constant and has to be greater than unity. Its value is related to the incompressibility of the
nuclear matter.

Another form of nuclear mean field is used in the BUU model developed in Giessen [I00]. There
the Skyrme potential is supplemented by a Yukawa term and the Coulomb potential (Vo) for
protons:

U = A(’;EJ) n B< - >; T V/d3*% o) + Voou - (5.15)

The selected parameters are as follows: A = -141.62 MeV, B = 165.23 MeV, Vy = -378 MeV,
= 2175 fm™t, py = 0.168 fm 3.

Spatial distribution of nucleons at the beginning of the process in the Gissen BUU has a form of

Woods-Saxon function: 2
r) = , 5.16
p(r) 1 + exp(™=H0 RO) ( )
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with pg = 0.168 fm™3, R = 1.124 A'/3 fm and a = 0.025 A'/3 + 0.29 fm. The momentum
distribution of nucleons depends on the spatial density and is homogenous in the sphere of the
radius equal to maximal Fermi momentum pg(r):

7T2 T 1/3
pr(r) = <32’)()> : (5.17)

The spatial density p(7) important for the variation of the mean field during the reaction is
calculated for the grid of points in the volume of the target nucleus with the selected time step.

Between collisions the particles are displaced according to their current momentum and field
strength with the use of a classical equation of motion. Their trajectories are straight lines. The
collision can occur if the shortest distance of two particles is smaller than the geometrical cross
section /oot /m. Production and decay of nuclear resonances are included.

Solution of BUU equation is performed by Monte Carlo simulations of motion of involved particles
[96]. Interesting technical feature of the BUU calculations is the way of simulations of the fate
of the nuclear system. It is done with the set of test particles. n of test particles replace each
of a reaction constituent. For creation of phase space distribution or the momentary density
distribution the contributions from all test particles are summed up with appropriate weights.

The BUU model calculations of spallation are able to produce the distributions of single nucleons
and mesons. The remnant nucleus of the cascade can be defined with its mass, charge, energy,
angular momentum and excitation energy. However, due to a lack of a mechanism allowing for
particle correlations the simulation of production of complex particles cannot be performed.

An obvious advantage of the BUU method over the INC approach is the application of the
dynamically changing, space density dependent nuclear potential. It is done at the expense of
much more complicated mathematical model and time consuming calculations. The BUU model
has broad application in various fields, from heavy ion collisions to simulations of elementary
hadronic processes in nuclear medium. However, for proton induced spallation currently there
are not obvious advantages in the predictive power of this model over the much simpler INC
approach.

5.1.1.3 Quantum Molecular Dynamics

The goal of Quantum Molecular Dynamics (QMD) model is to reproduce the microscopic con-
ditions of interaction in n-body quantum systems as realistic as possible. Thus, they can be
specially useful to simulate the evolution of the atomic nuclei during the reaction induced by
single or composite projectile. Significant care is put on the creation of an initial target nucleus
in its ground state. The Hamiltonian of the system comprises more possible components than
these assumed in simple cascade or BUU models. In the simulation of an evolution of the struck
nucleus the fluctuation of nuclear density are allowed. Overlapping of wave function of nucleons
may lead to creation of stable composite particles and their emission.

In the literature various formulations of models are available, which follow the philosophy of
QMD approach in description of the interaction in nuclear n-body systems. They are created
for different applications and may vary as to individual components, assumption, parameters. A
review article about QMD models can be found in [I0I]. Here, in order to give an example of
one of the QMD model realization the model described in [102] called JQMD (Jaeri Quantum
Molecular Dynamics) will be discussed.
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In the QMD model nucleons are described with the wave functions of ¢;(7, p,t). i is the nucleon
index, t is time and 7 and p, are Cartesian coordinates of position and momentum in selected
reference frame, respectively. The wave functions have a Gaussian shape of the width L. The
whole interacting system is described by a product of the wave functions of participating particles:

1 F— R; 2

i

Bt)-7| . (5.18)

St .

R;(t) and P;(t) describe the position and momentum evolution of the center of wave packet in
time. The initial target nucleon (for ¢ = 0) is constructed in the following way:

e the spatial positions of centers of nucleons’ wave packets are sampled randomly within
the assumed Woods-Saxon distributions (cf. equation . In order to limit the initial
density fluctuations the constraints on the mutual distances of nucleons are put on: minimal
distance between proton and neutron is 1.0 fm and for nucleons of the same isospin - 1.5
fm;

e the momenta of nucleons are distributed randomly in a sphere of the radius equal to the
Fermi momentum;

e with the known density distribution the nuclear potential distribution is constructed.

e the unbound particles of the positive energy (sum of kinetic and potential energy) are
disregarded;

e the particles which violate the Pauli exclusion principle are disregarded as well;

e the binding energy per nucleon must agree with the value calculated from the drop model
formula within the error of 0.5 MeV.

The Hamiltonian H given below comprises the components from total relativistic energy (first

term), nuclear potential parametrized with the effective Skyrme interaction (second and third
terms), Coulomb interaction (fourth term) and symmetry energy (fifth term):

1A 1 B
H:Z\/m%+32+§%z<ﬂi>+m% (pi)” +

1 e? ‘R)Z—RH Cs
zzczcﬂﬁi—ﬁjM ) g L 02—l (519

i,j 71 1,J 7

where:

1 for protons
C; =
0 for neutrons

Cgs = 25 MeV - parameter of the symmetry energy,

function A - error function,

(pi) - overlap of nucleon density of i-th nucleon with the nucleon density of the rest of the
nuclear ensemble.

The meaning of other parameters is the same as in case of the BUU model (cf. subsection
5.1.1.2). The selected values of parameters are: L = 2 fm, A = -219.4 MeV, B = 165.3 MeV, o
= 4/3.
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In order to simulate the reaction process the wave functions representing the moving nucleons
are propagated in the target nucleus according to the classical Newtonian equation of motion
in the mean field. Particles can collide if the minimal distance of their approach is lower than
the appropriate geometrical cross sections. Interactions are allowed only among projectile and
medium particles or among those medium particles which already experienced the collision.
Elastic and inelastic scattering are taken into account. In inelastic collisions the production of
A(1232) and N*(1440) are included. Decay of these resonances is an origin of pions. Collisions
with the final state violating the allowed phase space occupation are blocked.

The advantage of the QMD model over the described above INC and BUU ones consist in
explicitly included mechanism of composite particle creation. Approximation of nucleons with
their wave function permits observation of the density fluctuation and application of further
criteria on space, momentum, isospin, binding and excitation energy in order to judge about the
probability of composite cluster formation.

A significant disadvantage of the QMD approach is the complexity of the model and number of
mathematical calculations needed for such realistic simulation of the reaction process. A time
consuming calculations and relatively low predictive power of the QMD model which is not higher
than these of much simpler microscopical models (as e.g. INC) makes the QMD nowadays still
not really competitive to INC or BUU. The obvious advantage of QMD in providing the intrinsic
mechanism for composite particle production can be compensated by adapting of the coalescence
mechanism for cluster emission as it is done in INCL or BUU calculations.

Other examples of realization of the QMD modeling of the problems related to the spallation
physics can be found in [103], [69], [104].

All three described above models can be used as the tools for simulation of the initial phase of
projectile-target interaction. In this period the energy and momentum are transferred to and
dissipated in the target via the cascade of subsequent collisions among the nucleons and created
particles. This first step is fast and its duration is of the order of few hundreds of fmc. After
this dynamical stage, when the remnant nucleus could be already thermalized, it is reasonable
to apply the statistical models in order to simulate the further fate of a struck target nucleus.

5.1.2 Second step - statistical processes

In the two step model of spallation the statistical processes apply when the energy and momentum
transfer from the impinging particle was finished and the energy dissipation inside the remnant
nucleus was completed. Under such conditions the target-like remnant can be considered as an
exited but energetically equilibrated compound nucleus. Below the presentation of a few models
describing the statistical processes relevant to the spallation physics is given.

5.1.2.1 Generalized Evaporation Model GEM

According to the Weisskopf-Ewing formalism [57] the nucleus i excited to the energy E* can
emit a particle j of the CM kinetic energy e with the probability Pj(e) dependent on the cross
section of the inverse reaction o, (€) and the densities of states of the parent and the daughter
nucleus p;, pg, respectively. This probability is given by the formula:

P pa(E; — Cg —€)
pi(E;

i(€) = gjTinu(e) ede , (5.20)
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where:

() - the reaction heat;
gi = (28 + 1) oz

S; = spin of j particle;
m; = mass of j particle.

For the purpose of the General Evaporation Model [63], [64], where the emission of particles from
the exited nucleus in energy equilibrium is simulated with the Monte Carlo technique the density
of states given by formula of Gilbert-Cameron [I05] with modification as in LAHET code [106]
was adapted. The inverse reaction cross section o, (€) was parametrized in the appropriate way.

The kind of emitted particle j is determined by sampling the probability distribution p;:

pj = Zijfj . (5.21)
Above I'; is a probability of emission of particle j and is given by:
9j Bime *
r, = o (E7) /V Oinv(€)pa(E; — Q — €) ede . (5.22)

In the above formula the integration over the energy takes place in the range from the relevant
value of Coulomb barrier, V', to maximal available energy, E' — Q.

In the GEM model the emission of both the stable as well as the exited ejectiles is considered.
They must have a half-life time longer than 1 ms. In total 66 isotopes of Z < 13 are probed for
emission.

For the angular dependence of simulated double differential cross section in the GEM model
isotropic emission in CM system of parent nucleus is assumed.

Since the Weisskopf-Ewing formalism disregards the orbital degrees of freedom also in the GEM
model the angular momenta of involved particles are not taken into account.

5.1.2.2 Model GEMINI of sequential emission

In the model GEMINI [I07, 59] describing the sequential evaporation from exited compound
nucleus differently than in the Weisskopf-Ewing approach the angular momenta of nucleons, the
energies of rotation and deformation are taken into account.

For the description of emission of light products with Z < 2 the Hauser-Feshbach formalism is
utilized [58] whereas for calculation of the emission probability of heavier ejectiles of Z > 2 the
formalism of Moretto [108] is used. In both cases the decay widths I" are calculated. For Z < 2:

o0 +1 Tl B B-Fra(R)
U5, (21, A1, Zy, Ag) = : Z / Ty(€) p2(Us, J2) de (5.23)
™o 0
I=|Jo—J2|
where Z;, A;, J; are atomic number, mass number and spin of ejectile (i = 1) and daughter

nucleus (i = 2), respectively. [, € are angular momentum and kinetic energy of the ejectile and
p2(Us, J2) is a level density of the daughter nucleus dependent on its spin and thermal excitation
energy U. Moreover, I' depends on the transition coefficient 7Tj(e) taking a value of 0 or 1
depending on the value of € compared to the Coulomb barrier. In the integration the upper limit
of the total excitation energy is diminished by an appropriate binding energy of the ejectile in
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the parent nucleus and the rotation and deformation energy E,..:(J2) of the daughter nucleus.
The latter is calculated according to formula given by Sierk [109].

The decay width for emission isotopes with Z > 2 is dependent on pguq and Ug,g, which are the
level density and the thermal excitation energy of the parent nucleus at the saddle point. The
formula for calculation of I" is as follows:

1 E*_Esad(JO)
F(Z]JA]JZ27A2) = 2 / psad(UsaduJO) dE ° (524)
TP Jo
Ugqaq is obtained from:
Usad = E* — sad(JO) - €, (525)

whereas the Fgq4(Jp) - the rotation and deformation energy at the saddle point is calculated again
according to [109]. The index "0" applies here to the parent nucleus and remaining quantities
have the same meaning as described above.

Level densities needed for calculation of decay probabilities are calculated in the framework of
the Fermi gas model:

hz] 2 Ja exp(2v/al) (5.26)

= (2 1) | —

pUT) = @7+ 5 wp2all)
where ¢ is the inertia moment of daughter nucleus and a is equal to A/8.5 MeV ~! and is a level
density parameter.

In order to make a sampling of the probabilities feasible with the Monte Carlo technique sim-
plifications of the above formulae are introduced consisting in replacing of the integrals with
summations over proper ranges.

The products of binary decay can be an excited particle, which undergoes a subsequent decay.
Thus, apart from its mass and charge also the excitation energy and spin have to be calculated.

In the GEMINI model the compound nucleus is sampled for subsequent binary decays as long
as y-decay probability takes over or until the remaining excitation energy will be insufficient for
another particle emission.

5.1.2.3 Simultaneous fragmentation - Fermi Breakup Model

The Fermi Breakup [110] adapted to spallation reaction in [I11] is the oldest among described here
models of decay of exited compound nucleus. In this model it is assumed that the disintegration
of exited nucleus occurs in one act of violent fragmentation. The breakup takes place when due
to internal excitation the density of the nucleus drops below the normal nuclear density of p =
0.16 nucleon/fm~! and the volume, V, of a nucleus attains the so-called freeze-out value:

4
V= ?ﬂ r3 A (5.27)

depending on the r( parameter, which is usually fixed to 1.3 - 1.4 fm. Ag is a mass number of a
decaying nucleus.

Considered are probabilities of various fragmentation channels with n particles in the final state.
In the nonrelativistic approximation the probability of fracture of a nucleus of mass M into n
particles of masses m; can be calculated as:

n—1 n ) 3/2 o 3n—>5
P(Ein,n) o Sy -Gy (Z) <W> : @m Ue) = . (5.28)
g M (2m)2 D T(3(n - 1))
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In the above equation A is a reduced Planck constant and I'(3(n — 1)) is a mathematical T'
function. The spin, s, degeneracy factor, S5, is given by:

Sy = ﬁ (25 + 1) (5.29)

and the possible identity among the emitted particles is taken into account by introducing the
permutation factor G,,:

o
Gn =]] — (5.30)
j=1

. A sum of all kinetic energies of emitted particles have to be equal to:
n
Euin = E* + M062 — ZmiCQ , (531)
i=1

where E* is the excitation energy and My is the rest mass of a parent nucleus. The Coulomb
energy of the initial nucleus at the freeze-out moment is given by a Wigner-Seitz approximation:

n

Lg_z Z;

A(1)/3 pa AZ;/3

3¢?
5’/"0

Uc = (5.32)

Ap and Zj are the mass- and atomic number of initial nucleus whereas the A; and Z; apply to
the mass- and atomic numbers of fragments.

With the increase of the mass of the initial nucleus the number of possible final configurations
increases rapidly. This is a factor which limits the application of the Fermi breakup model to the
sampling of decay probabilities of only relatively light nuclei composed of up to several nucleons.

5.1.2.4 Statistical Multifragmentation Model (SMM)

The authors of the Statistical Multifragmentation Model - Bondorf at al. ([65]) assume that if a
large amount of energy is accumulated in the compound nucleus its disassembly will proceed by
a simultaneous breakup into fragments. But different than in a simpler Fermi Breakup Model,
where the resulting particles are stable isotopes in their ground state, in SMM the fragments can
be objects in the states far from stability. They may undergo subsequent decay via evaporation
or breakup. The interaction of fragments when they are already released from the initial nucleus
is taken into account as well.

A detailed consideration of the dynamics of individual decay channels as it is done in the models
described above are replaced by a statistical approach. It is postulated that the decaying system
is thermalized, all microscopic states of a system are of the same probability and the thermody-
namical parameter like temperature T can characterize the examined nuclear ensemble.

The SMM is a very advanced model which includes the formalism of thermodynamic with con-
sideration of various statistical ensembles (microcanonical, canonical, macrocanonical), their
entropy and free energy.

The model is able to predict the main features of nuclear disintegration in a broad range of
temperatures or excitation energies. For the lowest excitation energies (E* < 5 MeV /nucleon)
the mass distribution is similar like in the case of a decay of weakly excited compound nucleus
- one large remnant-like fragment and a few light clusters. In this energy range the SMM
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model is equivalent to a Fermi breakup mechanism. At E* =~ 5 MeV /nucleon the onset of
mulifragmentation is observed which is accompanied with a decrease of the masses of ejectiles.
With further increase of the E* the system has a tendency to breakup into more fragments of
the lower masses. At still higher excitation energies exceeding 10 - 15 MeV /nucleon only the
lightest cluster and nucleons are predicted which is attributed to the vaporization of the nucleus.

A detailed description of the Statistical Multifragmentation Model is given in [65].

5.2 Alternative hypotheses of nuclear disintegration

An alternative approach to describe the spallation process is based on an assumption that when
a bombarded nucleus accumulates a sufficiently high amount of excitation energy it undergoes
an expansion with decreasing density and increasing temperature. In this way it may reach
the thermodynamical condition when a transition from a liquid phase into a gaseous one takes
place. There are theoretical papers, e.g. [112], [I13], predicting the possibility of this scenario
of nuclear disintegration. The liquid-gas phase transition was also applied to interpretations of
experimental results of various experiments. In [I14] and [II5] an evidence is claimed to be found
of a continuous phase transition for p-Au and *He-Ag reaction already at 5 GeV incident energy.
In [II6] and [117] the authors report a phase transition for p-Au collision at 8.5 GeV. There is,
however, a disagreement in the extracted value of critical temperature for onset of the transition.
It seems that the mechanism of liquid - gas phase transition concerns the reactions with high
beam energies which are beyond the scope of the present work. A review of the achievements in
the field of nuclear phase transition mechanism is given in [118].

A hypothesis which may have an application in the interpretation of the data collected in the
PISA experiment and other experimental efforts performed in a similar energy range is formulated
in [I19]. According to this hypothesis an energetic proton impinging onto the target nucleus
induces its fast fragmentation into a few exited prefragments. These prefragments would deexcite
with emission of single and composed particles observed in experiments. The initial breakup of
the target nucleus can be induced by a creation of so-called fireball - an instantaneous knock-out
from the bombarded nucleus of a group of a few nucleons being subjected to the direct interaction
with a projectile. There are several papers dealing with interpretation of various experimental
results in the framework of the initial fragmentation mechanisms. Among them are [120], [121],
[122], [123], [124], [125]. The incident energy range of the recalled experiments lays in the range
from 0.45- to 400 GeV and concerns the heavy target of uranium.

The hypothesis of the fireball formation and its more advanced version of firestreak was also
proposed and developed in the context of heavy ions reactions in [126} 127, [128], 129, [130].
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6 The two step model confronted with
experimental results of PISA

In this chapter the most general successes as well as the deficiencies of the theoretical two
step model in the description of the real experimental distributions will be presented. For this
purpose the INCL4.3 simulations of the first step of reaction coupled with the GEM2 used
for modeling of the evaporation part of the spectra will be confronted with the experimental
distributions obtained by the PISA collaboration. Since, as concluded in chapter [} the shapes
of the experimental distributions obtained for proton beam energies of 1.2, 1.9 and 2.5 GeV are
the same and the distributions varies only a little in their magnitudes for comparison with the
model calculation only the data collected at 1.9 GeV bombarding energy will be used. Selecting
the INCL model among other available "first step" models is well justified since its results are
representative for the binary cascade approach and are better than these of available QMD
models (see e.g. [131]).

Applicability of the INCL4.3 model is restricted only to predictions of the LCPs up to *He.
This limitation is an effect of the complicated software realization of the coalescence mechanism
assumed in the INCL model. In the INCL4.6 version the creation of the LCP has been extended
up to mass A=8, however, the number of arbitrary parameters in the model had to be increased

I70).

In order to keep the consistency of the theoretical results of different models which are used in
this dissertation for their reliable comparison it was decided that distributions obtained from
the model calculations are always normalized to the value of the total reaction cross section
calculated with the use of the same parametrization. Of course, the values of projectile energy
and the type of the target nucleus are taken into account. For an absolute normalization of
the theoretical results shown in this chapter as well as throughout this dissertation the semiem-
pirical parametrization of the total reaction cross sections as proposed by Letaw, Silberberg
and Tsao [132] is used. The advantage of the Letaw et al. parametrization over other available
parametrizations of the total reaction cross section (see e.g. [133][134) 135|136, 137, 138]) consist
in the simple mathematical formulation and the precision which is sufficient for the considered
here range of energies, target materials and the accuracy of applied theoretical calculations. For
incident proton energies higher than 1.0 GeV the estimated error of the Letaw semiempirical
formula is about 2%.

The PISA spectra (open circles) supplemented with the theoretical distributions for p, d, t, He
and “He (dashed green line) are shown in figures , and respectively.

The conclusions drawn from the inspection of the above figures and a comparison of experimental
data with the model calculations are as follows:

e the description of the low energy part of the spectra attributed to the evaporation process
is rather satisfactory. Both the slopes, as well as the magnitudes and the positions of the
maxima (in these cases where they are visible in the data) are well reproduced with the
GEM2 model. It shows that both the GEM2 model is appropriate to simulate statistical
evaporation processes in the relevant physical conditions as well as the INCL4.3 simulations
create the cascade remnants of the realistic parameters as concern their mass, charge, recoil
momenta and excitation energy;
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Figure 6.1: INCL model calculations of double differential cross section for proton emission from var-
ious target nuclei bombarded by 1.9 MeV protons (dashed line, green). Simulations are compared to
experimental distributions of the PISA experiment (open circles).
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e the part of spectra attributed to the intranuclear cascade are underestimated for protons
emitted at low angles. This deficiency is less pronounced for heavy targets like Au or Ag
(about factor two) but for Al or C the discrepancy between experiment and the model is
very strong and reaches a factor 5 or more;

e with the increase of the emission angle the agreement of the model and experiment improves
and for backward angles is quite good. However, still the yields of protons emitted from
the heavier targets are better reproduced than those for light ones;

e for composite particles the mechanism responsible for creation and emission of these ejec-
tiles used in INCL4.3 is the surface coalescence. Despite of different nature of mechanisms
responsible for single particle emission and composite ones the behavior of the simulated
spectra for deuterons, tritons, *He and *He is similar to that for protons. The agreement
with the experimental distributions is better for heavy target than for the light ones. Also
similarly as for protons the differences are stronger for low detection angles and gradually
vanish with the increase of the emission angle. It has to be noted that overall agreement of
the experimental distributions with the model is better for light composite particles than
for protons;

e in general the most significant discrepancies in the description of experimental data are
observed for the particle’s energies in the range 50-150 MeV and low emission angles.

For the low beam energies the experimental distributions at low emission angles are underesti-
mated for protons and deuterons whereas for the heavier reaction products the model reproduces
the data much better.

As it was noticed by the authors of the INCL model the introduction of the coalescence mech-
anism for extension of the model applicability also to light composite particles deteriorated the
predictive power for single ones. Moreover, a significant increase of the number of free parameters
of the model was demanded [70].

The simulated distributions of those composite spallation products, which are not considered in
the coalescence mechanism (heavier than alpha-particle for the case of INCL4.3) can originate
only from statistical processes (evaporation, multifragmentation). As it was shown in [7] and [§]
for those IMFs experimental distributions, where the component from the preequilibrium stage
might be present their reproduction by the model simulation is wrong for the whole emission
energy range, even for the lowest energy where evaporation plays dominant role (cf. fig .
The experimental distributions are underestimated even by one order of magnitude. It shows
forcibly that when production of IMFs is disregarded in the preequilibrium reaction stage the
parameters of the remnant expected to evaporate these particles are predicted incorrectly. The
remnant is insufficiently excited in order to emit the heavier composite particles. However, for
the target-ejectile combinations favoring only the evaporation emission the agreement is again
better especially for higher emission angles.

The deficiencies of the two step model in reproducing the experimental spallation spectra can not
be avoided by a better tuning of the parameters of the involved reaction models. Optimization
of parameters like depth of the potential well, radius of nucleus, transparency of the barrier,
effectiveness of Pauli blocking, shape of density distribution or even the modification of the
values of assumed reaction cross sections may lead to an improvement in a specific region of
target-ejectile-energy combinations but will cause the deterioration in the other domains.

For the matter of completeness is has to be mentioned that the two step model with the INCL
code as an cascade simulator is very successful in reproduction of the neutron and pion data. The
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Figure 6.6: Examples of spectra for Li, Be and B isotopes measured in p+Ni reaction at 2.5 GeV in the
PISA experiment (open circles). Results of simulations with the two step model (INCL4.3 + GEM2) are
presented by the solid line.

quality of the model calculations for these spallation products can be checked in [70] where the
experimental data of [39] and [I39] are used for validation of theoretical simulations of neutron
and pion distributions, respectively.

The partial inadequacy of the two step model in some aspects of the spallation physics, especially
in the domain of preequilibrium emission of both the LCP as well the IMF, was a subject of
some publications of the PISA collaboration. Similar findings were realized already earlier and
quoted both by the experimentalist who tried to interpret their data with the two step model
[47], [46] but also by the authors of the codes. The critical summary of the achievements in the
field of modeling of nuclear spallation is given in [140]. A broad collection of the appropriate
data and their graphical representations are available in [41].
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7 Phenomenological analysis of PISA
results

As presented in chapter [0] the efforts aiming at interpretation of the spallation product distribu-
tions registered in the PISA experiment in the frame of the two step model have confirmed the
partial inadequacy of mechanisms implemented in the applied models. This inadequacy concerns
in general the yields of preequilibrium particles emitted at forward angles which in the model cal-
culations are usually underestimated. In some cases the disagreement with to the experimental
data reaches an order of magnitude.

In order to determine the features of the alternative or the additional mechanisms which could
contribute to experimental spallation spectra the model calculations have been supplemented
with phenomena not considered in the classical two step model.

The simulations of the fate of the cascade remnants were extended by introducing the multifrag-
mentation mechanism for highly excited remnant nuclei. Alternative scenarios of the spallation
reaction was considered with the phenomenological model of moving sources.

7.1 Multifragmentation of the light target nuclei

In the thermalized remnants created after the intranuclear cascade in the light target nuclei
such as 27Al and '2C the possible excitation energies per nucleon are higher than in the case
of heavier targets bombarded with the protons of the same impinging energy. Thus, it was
checked whether the inclusion into the two step model of the mechanism consisting in the fast
multifragmentation - the Fermi breakup (cf. chapter of the remnants would improve the
simulated spectra. It was executed by simulating the decomposition of remnant, alternatively,
either with the evaporation (code GEM2) or with the Fermi break mechanism (code ROZPAD
[141]). The selection of the applied mechanism was made on the basis of the actual excitation
energy per nucleon of the remnant. For small excitation per nucleon the sequential evaporation of
particles was assumed whereas in case of high excitation per nucleon the remnant was subjected to
the Fermi breakup. For a simplification of the model calculation it was assumed that occurrence
of the both alternative processes is governed with the one sharply defined parameter of the critical
excitation energy per nucleon. The value of this parameter was determined by a fit to the data.

Introduction of the multifragmentation as a possible mechanism of the remnant decay helped in
better description of the IMF spectra. Some examples are shown in fig. for lithium isotopes
detected after reaction p+Al at 1.2 GeV and in fig. for beryllium isotopes. The sum of
contributions from evaporation and multifragmentation reproduces much better the experimental
data than the evaporation process alone.

The contribution of the Fermi breakup mechanism to the production of the LCPs turned out to
be insignificant.

The critical excitation energy per nucleon obtained from the fit to the experimental data can be
related to the studies of a possible liquid - gas phase transition expected for highly excited nuclear
matter and examined mainly with the heavy ion collisions. A compilation of experimental values
of (E*/A). for different nuclear system was published by Natowitz et al. [142]. In fig. the
critical energies obtained in the PISA p+27Al data analysis together with those derived from
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Figure 7.1: The results of the evaporation (black line)/multifragmentation (green line) simulations of
the p+27Al reaction at 1.2 GeV proton energy for A = 6, 7, 8 and 9 lithium isotopes detected at 20°,
50°, and 100° emission angle. The red line represents the sum of both alternative processes. They are
compared to the experimental distributions of the PISA experiment (circles). This figure is adapted from

18]

[142] are given. Values of 7.7, 7.0 and 6.1 MeV were obtained for 1.2-, 1.9- and 2.5 GeV beam
energy, respectively. They agree with the expected value of (E*/A).. for 27 Al nuclei within the
one standard deviation error of the linear regression to the data of [142].

(E*/A). obtained for p+!2C data set have values of 9.0, 7.6 and 8.6 MeV for 1.2, 1.9 and 2.5
GeV proton energy, respectively. Thus, they fit to the values of the compilation of [142] also very
well.

An exhaustive discussion of the application of Fermi breakup mechanism to the analysis of the
PISA experiment data, the description of fitting procedure and interpretations of the results is
given in [§].
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Figure 7.2: The same is in fig. but for A = 7, 9, and 10 beryllium isotopes. This figure is adapted
from [§].

7.2 The moving source model

The clearly distinguishable at least two components in the energy distributions of the spallation
products induced the idea of the Moving Source Model [130]. This model helped to notice and
determine the general features of the spallation processes which turned out to be common for
broad range of projectile energies and target masses.

In the model it is assumed that observed particles are emitted from the sources which posses some
excitation energy and are moving with various velocities along the beam direction. These sources
would be an intermediate stage of the target nucleus disintegration after the bombardment and
the initial energy dissipation. Target nucleus is then already fractured into separable pieces
which are carrying different masses and energies. These fragments, when cooling down, emit
particles being the sources of observed ejectiles.

Excited sources are assumed to be thermally equilibrated thermodynamical objects. For emission
from such a system a Maxwellian formalism can be applied, which provides analytical probability
distribution function. The fitting of the distribution function to the experimental data with some
free parameters permits to get information about important features of the emitting source.
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Figure 7.3: A comparison of literature data [142] on the critical excitation energy for the multifrag-
mentation of various nuclei (full squares) with the critical energy parameters derived from the analysis of
the experimental results of the PISA experiment. The open triangle, square and circle depict the values
obtained for the data of p+27Al collisions collected at 2.5-, 1.9- and 1.2 GeV beam energy, respectively.
The red line is an effect of a linear regression to the data from [I42]. The blue dashed and blue solid hy-
perbolas outline the confidence region of the regression for one and two standard deviations, respectively.
The values obtained in the PISA data analysis agree well with the literature data. This figure is adapted
from [§].

Each of the emitting sources is characterized by an apparent temperature 7. The actual tem-
perature 7 of the system could be calculated when its exact kinetic energy is accounted for as
well. Then:

T=vT, (7.1)

where,
As

S e B 2
yp— (7.2)

v
Ag, Ap are the masses of the source end emitted fragments, respectively and the factor v is a
measure of the recoil energy of the source.

For each of the emitting sources the energies of emitted particles should be distributed according
to a Maxwellian function. The probability distribution of the excitation energy E* of the system
characterized by a temperature 7 is given by the formula:

f(EY = ;\/ﬁea:p [— E] . (7.3)

2(mrr)3/2 T

The sources emit the particles isotropically in their own reference frame. In the frame of the
moving source of mass Ag the ejectile of mass Ap has a kinetic energy E given by:

, E*
o

E (7.4)
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When normalized to the total production cross section o the probability distribution can be
associated with the double differential cross section and rewritten as:

d’o vo
_ N
dE'dY ~ 2wy TP

—”f] . (7.5)

The necessary transformation of the cross section calculated for the rest frame of the moving
source to the laboratory system is given by the equation:

d*o P d?o N E d*o (7.6)
dEAQ ~ p dEdY " NV E dEdQ '

Above p and p' are momenta of the ejectile in the laboratory- and source rest frame system,
respectively. FE is the energy of ejectile registered in laboratory reference system at angle 07 45.
The second approximation in the above formula is valid in nonrelativistic limit. For emitting
source which is moving with a velocity 8 the energy E of the ejectile of mass m is given by the
transformation relation:

mBZ

E =FE+2 2 mESBcos(0paB) - (7.7)

In the above consideration the suppression of the emission of low energy charged particles due to
existence of Coulomb barrier is omitted. Thus, in order to retain the interpretation of the param-
eter o as a total production cross section and preserve a direct comparison of fitted function to
the experimental spectra, the energy dependent probability function P(FE) of barrier penetration

was introduced in the form:
1
B (E— kB)] :

P(E) = (7.8)

1+ exp

Here B is the height of Coulomb barrier for the two touching spherical nuclei of charges Zr and
Zg — Zp and radii A}/S and (Ag — AF)1/3 and is given by the equation:

B Zp(Zs — Zr)e? (7.9)
LA4[AY? 4 (Ag — Ap)1/3]

In this sense the parameter k should be smaller than 1 and describe the height of the Coulomb
barrier of actual source-ejectile system. The d has interpretation of the diffuseness of the barrier.
The use of the k and d as free parameters of the fit let to introduce a realistic spread of the barrier
heights for various combinations of sources and ejectiles. It let to take into account the tunneling
effects smoothing the low energy edge of the energy spectra, as well. The probability function
P(FE) has to be used as an additional factor in the formula for the cross section (equation [7.5)).

A detailed description of the model of the emission from moving sources used for phenomenolog-
ical interpretation of double differential cross section measured in the PISA experiment is given
in [10, 7, §].

It was shown in [I30] that a sum of at least two Maxwell-Boltzmann distributions is needed
for a simple reproduction of the two observed components in the spallation energy spectra. It

was however noticed [143] that exact description of complicated phenomenons hidden behind the
word "spallation" may imply the needs of a "continuum" of various emitting sources.
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7.3 Idea of competition of various mechanisms

In order to aid for the missing yields of particles in the two step model calculation it was tried to
combine the mechanisms of evaporation and intranuclear cascade supplemented with coalescence
with the emission from the moving sources. The idea of competition of the two step model and
the moving sources is presented schematically in fig. [7.4] The contribution of individual scenarios
of the reaction is governed by a probability given by the parameter F.

/7 ’
intranuclear
Probability = F evaporation
/ ®
o target /7
P slow source
Y.
\. ]
fireball
Probability =1 - F cleavage 7
v .
N e
fast source

Figure 7.4: The idea of competition of the two alternative scenarios of the spallation reaction as applied
in the interpretation of the experimental data of the PISA experiment. The probability F depicts the
occurrence of a scenario realized with the two step model. More involved mechanisms are then a cascade
of binary interaction, a coalescence and evaporation. An alternative scenario i.e. a fragmentation of the
target nucleus into three intermediate objects being the sources of the observed particles appears with
probability 1 - F. This figure is adapted from [7].

Besides of the "two step" scenario occurring with the probability F and consisting of intranuclear
cascade associated with the surface coalescence and followed by evaporation it is assumed that
the spallation reaction can proceeds with the probability 1-F via the target breakup into two or
three pieces of different masses, momenta and excitation energies. As the reason of the fracture
of the initial target nucleus a significant distortion of the nucleus stability due to sudden expel
of a few nucleons is assumed. These target nucleons which are in head-on collision with the
projectile are emitted in the initial phase of the reaction as a so-called "fireball" - a fast and
highly excited piece of nuclear matter.

For the analysis of the PISA data the assumption of at least one moving source has been needed.
A description of the reactions with the heavier targets needed more sources - up to three ones.
They were called as follows: fireball - the smaller but the fastest fragment of the target breakup,
fast source - composed of several nucleons and of significant kinetic energy, and slow source -
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a massive fragment with low velocity. Each of these fragments is responsible for emission of
different classes of observed spallation products.

The features of the sources and the branching probability F of the type of the spallation scenario
were determined by a fitting procedure of the above described model with the free parameters
characterizing each source: the temperature, T', the velocity, , and the energy and angle inte-
grated cross section for production of an individual particles, o. The best values of the parameters
was derived from a simultaneous fit to the experimental data collected at seven emission angles:
16°, 209, 359, 50°, 65°, 80° and 100°.

In order to overcome the problems resulting from the missing in the data position of the Coulomb
barrier peaks the necessary assumptions have to be done. The heavy source was attributed to
the cascade remnant of the two step model and thus reasonable cross sections, source velocities,
and Coulomb barrier heights could be fixed as the average values of those obtained from the
intranuclear cascade and evaporation. The problems related to the fitting procedures, introduced
simplifications and their influence on the obtained results are exhaustively presented in [7].

The procedure of parameter fitting of the moving sources supplemented with the two step model
has been applied to interpret the experimental results of both the heavy target like 7Au [11],
the intermediate mass target ("*Ni [12], [13], [7]) as well as the light ones (2”Al and '2C [14], [8]).
In the case of light target i.e. the 27Al and '?C contribution of the Fermi breakup mechanism
of the target-like remnant was considered in addition. For the two latter targets of the lowest
masses and the lowest probability of splitting them into a few massive fragments instead of fitting
three moving sources the fit of only the fireball component was applied.

Some examples of simulation results of competition between assumed scenarios for the proton
induced spallation are given in the following subsections. It has to be pointed out that in all
examined cases the particle emission from intermediate reaction states - the postulated moving
sources - has compensated very well the deficiency of the two step model. In the course of analysis
it was realized that each of the assumed moving sources contribute mainly to production of one
class of particles. It was found that the fireball is a source of protons and other light charged
particles. The IMFs particles originate predominantly from the decay of fast source whereas
the slow source can be attributed to the after-cascade remnant and might be responsible for
distributions of the lowest energy particles.

7.4 Results for Light Charged Particles

It was found for all targets that the dominant source of LCPs (besides of those which are pro-
duced in the cascade, coalescence and evaporation) is the fastest and lightest fragment of target
splitting, namely the fireball. The obtained results of simulations of the competing scenarios
compared with the PISA experimental data for p, d, t production at 2.5-, 1.9-, and 1.2 GeV in
p-19TAu reaction are shown in figs. and respectively. The data were registered at
16°, 65° and 1007 of the laboratory detection angle. As an example for lighter target nucleus
the p, d, t spectra detected at three emission angles after the p+"%Ni at 175 MeV impinging
energy is given in fig. [7.8] The contribution of the fireball decay to the LCP emitted from the
very light target of 12C is presented in figs. and for p, d, t, 3He and “He emitted as the
effect of target bombardment with 1.2 GeV protons.
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Figure 7.5: The simulations of competing processes in the spallation reaction of proton with °7Au
nucleus at 2.5-, 1.9- and 1.2 GeV bombarding energy. The distributions obtained for three detection
angles of 16°, 65° and 100° for protons, deuterons and tritons are compared with relevant experimental
spectra measured in the PISA experiment (circles). The simulated contribution from the two step model
(INCL4.3 + GEM2 codes) is presented with the dashed, red line. The postulated contributions from
alternative process (emission from fireball) is given with the dot-dashed, blue line. The sum of both
processes is drawn with the solid, black line.

7.5 Results for Intermediate Mass Fragments

In the angular and energy regions where the IMFs production is underestimated by the two
step model it is well compensated by the emission from the so-called fast source of the moving
source model. This source is composed of up to several nucleons. Masses of the emitted IMFs
are too big to be the products of the decay of the fireball which is of the few nucleon mass
only. On the other hand the excitation of the so-called "slow source" is not sufficient to expel
the IMFs of the energies typical for the preequilibrum production. The appropriate examples of
simulations compared to the experimental data are given in fig. for beryllium and boron
isotopes emitted from 97Au target. Here, instead of the INCL model for the first step of the
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Figure 7.6: The same as in fig. but for deuterons.

reaction the simulations with the BUU model were performed. Also very good agreement with
the experimental data was achieved for lighter target nuclei. As an example the Li, Be and B
isotopes spectra for p+"%Ni reaction at 175 MeV and 2.5 GeV are presented in figs. and

respectively.

7.6 Features of the mechanisms contributing to the spallation

In the applied analysis of competing spallation mechanisms the spectra of IMFs were well re-
produced with assumption of their origin only from the second step of reaction, namely from
evaporation or from multifragmentation of the cascade remnant (for light targets) or from emis-
sion from a so-called fast source (for heavy targets).

The LPCa are produced predominantly during the initial phase of the reaction where the cascade
of intranuclear collision is assumed as well as during the formation and decay of the fireball.
However, this class of particles is created as well in the later evaporation or - to some extend -
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Figure 7.7: The same as in fig. but for tritons.

in the multifragmentation of light targets. But this concerns only the LCPs of the lower kinetic
energies (Ej;, < 50 MeV).

The scaling factors F obtained from the analysis vary in the range from about 50% to about 90%
depending on the target mass and beam energy. An example of the relative contribution of INCL,
GEM and fireball emission to the total reaction cross section for LCPs in 7 Au and "*Ni targets
bombardment with protons at 1.2, 1.9 and 2.5 GeV energy is given in fig. [7.14 The dependence
on the initial kinetic energy is rather week. An exception is observed for Au target where the
dependence on the beam energy is well visible especially for production of 3He. Contribution of
mechanism embedded in the INCL model (binary collisions + coalescence) decreases with the
impinging proton energy giving a room for fireball production and decay.

For light targets (2C and 27Al) where the fireball is composed of smaller number of nucleons
than for heavier ones its decay contributes most effectively to proton production whereas the
yield of heavier LCPs drops monotonically (with some small superiority for *He cross section over
this for triton). For " Ni nucleus it is no more a case since the production of composite isotopes
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Figure 7.8: The same as in fig. but for p-+"*Ni reaction at 175 MeV impinging energy. Here the
lowest presented detection angle is 200 instead of 16°.

is dominant. For 7Au the dominant fireball decay isotope is 3H. The *He production for all
targets is very small. These dependences are presented in fig. - upper panel. The middle
and lower panel of fig. shows examples of temperature and velocity of fireball, respectively
as obtained from the fit of the moving source model. Individual quantities shown in the figure
were obtained by averaging results for beam energy of 1.2, 1.9 and 2.5 GeV.

It can be concluded that on average the lighter emitted LCP the higher excitation and velocity
of the fireball. This rule is not valid for helium isotopes where alpha-particles are emitted from
the source of slightly higher temperature and moving faster than those being the origin for >He.
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Figure 7.9: The simulations of competing processes in the spallation reaction induced by proton in 2C
nucleus at 1.2 GeV bombarding energy. The distributions obtained for three detection angles of 20°, 65°
and 100° for protons, deuterons and tritons are compared with the relevant experimental spectra measured
in the PISA experiment (circles). The contribution of individual processes is marked as follows: black
line - evaporation (GEM2), blue line - intranuclear cascade and coalescence (INCL4.3), green line - Fermi
breakup (ROZPAD), magenta line - emission from fireball, red line - the sum of all processes. The figure
is adapted from [§].

Despite of unquestionable successes of the above described hypothesis of a competition between
various mechanisms contributing to the nuclear spallation it must be stressed that the actual
understanding and successful modeling of spallation processes remains a still not accomplished
goal. The success of the phenomenology used in the emitting source model as well as increase
of the predictive power of models utilizing the concept of coalescence induced the work oriented
for supplementing the current description of pA reaction as a cascade of binary collision with
more complex interaction where collective behavior of target nucleons is allowed. The details
and results of the undertaken efforts will be presented in the following chapters.
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Figure 7.10: The same as in fig. but for *He and “He. The figure is adapted from [§].
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Figure 7.11: Moving source model applied to interpret the IMFs emitted in the reaction of p+'°7Au
at 2.5 GeV energy for beryllium isotopes (left panel) and for boron isotopes (right panel). The solid, red
line presents the total contribution from fast and slow source whereas the dashed, blue line depicts the
results of simulations done with BUU + GEM2 models. The experimental data (circles) were measured
at 35° of laboratory detection angle.
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Figure 7.12: The simulations of competing processes in the spallation reaction of proton with "**Ni
nucleus at 175 MeV bombarding energy. The distributions obtained for three detection angles of 35°, 50°
and 100° for the so-called LiBeB isotopes are compared to the relevant experimental spectra measured in
the PISA experiment (circles). The simulated contribution from the two step model (INCL4.3 + GEM2
codes) is presented with the dashed, red line. The postulated contributions from an alternative process
(emission from fast source) is given with the dot-dashed, blue line. The sum of both processes is drawn
with the solid, black line.
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Figure 7.13: The same as in fig. but for 2.5 GeV proton beam energy.
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Figure 7.14: A comparison of the contribution of various processes considered in the simulations of alter-
native scenarios of the spallation reaction to the total cross section of protons (open squares), deuterons
(full squares), tritons (open triangles) and *He (full triangles) production in p+'°"Au and p+"%Ni at
1.2-; 1.9- and 2.5 GeV energy. Shown are contributions of intranuclear cascade + coalescence (o;ncL) -

upper panel, evaporation (cggar) - middle panel, and emission from fireball (o3) - lower panel.
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Figure 7.15: Upper panel: the relative yield of various LCPs emitted from the fireball in p + '2C, 27Al,
natNi and '9"Au reactions as obtained in the phenomenological interpretation of results of the PISA
experiment. Middle panel: dependence of the fireball temperature on the mass of emitted particles.
Lower panel: dependence of the fireball velocity on the mass of emitted particles. The values for 3H
and He are shown for A around 3. The 3H data are more to the left. Individual quantities shown are
obtained by averaging results for beam energy of 1.2-, 1.9- and 2.5 GeV. This figure is adapted from [§].
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8 Spallation Model with Cascade+}+-+

The significant improvement of the description of experimental spallation data with the appli-
cation of the idea of moving sources and the concept of fireball as described in the preceding
chapter motivated the work aiming at implementation of correlated propagation of few nucle-
ons into the microscopic model. The appropriate mechanism should permit a creation of the
composite excited object as an intermediate states in the production of spallation ejectile. As
the result of these efforts a new model of internuclear interaction called a Spallation Model with
Cascade++ (SMC++) was constructed.

The described here model concerns only a part of the processes responsible for observed distribu-
tion of spallation products. Similarly like for instance in INCL or other models of the first step
of spallation reaction it is assumed that the statistical effect appearing when nuclei get unstable
due to the proton bombardment in a few GeV region are described correctly with the present
models of evaporation, fragmentation or fission. The main attention in SMC++ is put onto the
dynamics of the initial phase of the reaction before the equilibrium is attained. The existing
models which try to describe this part of the struck nucleus evolution suffer from insufficient
understanding of the nature of hadronic processes in nuclear medium and are unable to describe
the distributions of experimental reaction products.

As it was emphasized already a few times a pure theoretical description of spallation processes
does not exist nowadays. Instead, a well established set of nuclear physics knowledge and com-
monly used reasonable approximation like e.g. the Fermi Gas Model, mean nuclear field, Coulomb
force, nuclear density are used. SMC++ remains still a model of partially phenomenological na-
ture.

The SMC++ is an effort to go beyond the limitations of the contemporary cascade models
utilizing only the binary hadronic interaction. They results in strong underestimation of the
experimental spectra especially at low emission angles and for lighter targets. The realized
deficiency of the interpretation of the initial phase of nucleon-nucleus reaction as a purely binary
interaction impose a conclusion that in the description of examined reactions another mechanism
permitting for a greater participation of the target nucleons in the reaction and for faster four-
momentum transfer and dissipation in the target nucleus is needed.

This hypothesis is motivated even more after analyzing the PISA results with the use of moving
source model and significant improvement of the quality of model simulation after introducing
the intermediate excited states contributing to particle production.

Thus, important novelty of the SMC++ consists in introduction of the idea of the Dynamic
Clustering in Nuclear Medium (DCNM) - a hypothetical mechanism which takes into account
fluctuations of the nuclear density during the cascade process and resulting modifications of the
local nuclear field. The proposed mechanism significantly influences the production of single
particles. Introduction of DCNM increases both the energy and momentum transfer from the
projectile to the target as well as the number of target nucleons involved in the interaction.
The transferred energy is effectively dissipated among the reaction participants. This causes
an increase of the number of particles of the kinetic energies sufficient to leave the potential
well. The higher momentum transfer from the projectile to the system enforces as well particle
emission at small angles.

In the SMC++ the DCNM mechanism is also entirely responsible for creation of LCPs. The
dynamically formed clusters are the intermediate states in the target nucleus evolution towards
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emission and thermalization. In this way a significant deficiency of the binary collision models
where intrinsic mechanism of composite particle production do not exist has been overcome. As
a consequence there is no need to apply any additional mechanism for LCP creation (e.g. the
surface coalescence).

A justification of the existence of the proposed mechanism of DCNM currently comes predomi-
nantly from an improvement of the description of the experimental data when compared to spal-
lation models where collective phenomena are disregarded. To some extent the idea of DCNM
could be related to the recent approaches where nuclei are described as a set of well established
clusters of nucleons, especially alpha-particle clusters [144].

It has to be emphasized that SMC++ despite of a introduction of the new mechanism, which
involves the interaction of a few nucleons remains still a relatively simple and easy to use model.
The simulation with SMC++ of statistically useful samples of data needs only a moderate CPU
time usage even for heaviest target nuclei.

Below the description of the model component is given with emphasis on similarities and differ-
ences to the standard nuclear cascade model. As a reference and an example of the standard
cascade model the INCL model described already in [5.1.1.1| can be used.

8.1 Target Nucleus

In SMC++ similarly as in INCL the target nucleus is considered as a set of non interacting
Fermi gas particles embedded within the sphere of the radius R,,q.. The positions of nucleons
are sampled randomly. But as it is shown in figs. - the experimentally established
distributions [94] [145] of nuclear densities are better approximated with the Fourier-Bessel series
expansion than the Woods-Saxon distributions (equation used in INCL. It concerns especially
light targets. For targets about mass of Nickel the Woods-Saxon distribution and the Fourier-
Bessel expansion agree well. Thus, in the SMC++ model the initial distribution of densities
of the target nuclei are constructed according to a sum of Fourier-Bessel series expansion for
A < 58 whereas for heavier ones the Saxon-Woods distributions are selected. In both cases
the parameters of the distributions (R,q., Ro, a) are taken from [94]. The cutoff radius of
the Fourier-Bessel expansion is assigned to Rpq: of the density distribution. It means that
beyond R4, the density is equal to zero. The Saxon-Woods distribution and its parameters are
equivalent to those of the two-parameter Fermi model as it is called in [94].

The momenta of the nucleons are sampled randomly and have to be lower than the Fermi
momentum. During the sampling procedure of the initial positions and momenta of nucleons
the Pauli Blocking is checked in order to avoid the multiple occupation of the local phase-space
volumes.

It is assumed that the nucleons are trapped in the common potential well of the depth Vj.

8.2 Impinging particle

At present the SMCH+ allows reaction of the target nucleus only with single nucleon - proton
or neutron. A bombarding particle propagates along z-axis of the Cartesian reference frame
with the selected laboratory momentum until it experiences the first interaction inside the target
nucleus. The impact parameter is selected at random in order to cover the initial geometrical
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Figure 8.1: Initial nuclear density distribution of 2C used in SMC++. The experimental distribution
parametrized with the Fourier-Bessel series expansion (red solid line) according to [94]. Proton (green
crosses), neutron (blue stars) and total (magenta open squares) nuclear density distribution as sampled
for initial target nuclei in SMC+-+.
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Figure 8.2: Initial nuclear density distribution of 27 Al used in SMC++. The experimental distribution
parametrized with the Fourier-Bessel series expansion (green solid line) according to [94]. Proton (blue
stars), neutron (magenta open squares) and total (blue full squares) nuclear density distribution as
sampled for initial target nuclei in SMC++. For comparison the Saxon-Woods distribution (red solid
line) as used in INCL model is given.

target nucleus cross section in x-y plain (i.e. a circle of the radius R,,q,). The entrance position

of the projectile into the target is calculated accordingly.
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Figure 8.4: Initial nuclear density distribution of " Ag used in SMC++. The experimental distribution
parametrized with the Saxon-Woods function (red solid line) according to [94]. Proton (green crosses),
neutron (blue stars) and total (magenta open squares) nuclear density distribution as sampled for initial
target nuclei in SMCH+.

8.3 Cascade

The main prerequisite of the SMC++ is the whole control of the state of each component of the
cascade process during the course of the reaction. In order to achieve this aim it was decided to
perform a modeling of the reaction process in the time steps. Cascade starts with time tg = 0
when the projectile touches the border of the target nucleus. The duration of the time step was
selected to be At = 0.3 fm/c. For the considered in the model range of the kinetic energies (up
to a few GeV) even for the highest particles momenta their displacement during one time step
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Figure 8.5: The same as in [8.4 but for 1°7Au target nucleus.

is lower than the half of the nuclear radius (1 fm). For the highest kinetic energy of impinging
particles considered in the SMC++ up to now which is equal to 3.0 GeV its propagation during
the 0.3 fm/c time step is equal only to 0.292 fm. Thus, the sampling of the probability of possible
processes (collision, clustering, emission, decays) is always sufficiently frequent.

The duration of the cascade i.e. the time needed for thermalization of the remnant of the target
nucleus depends on the initial mass of the target. The formula to calculate the time needed to
complete the cascade is adapted from the INCL - see equation [5.1

Each step of the cascade process in SMC++ comprises the following components:
e movement of the particles according to their momenta,
e check for emission or reflection of the particles which are at the nucleus border,
e check for interaction of particles. Possible interaction are:

— two particle collision: depending on a type of the particles and their four-momenta
the most probable type of interaction is calculated and simulated. It includes the
elastic and inelastic scattering with A resonance creation or its reabsorption,

— formation of a momentary cluster,

e check for the decay of existing A resonances,

check for the decay of existing clusters.

The emitted composite clusters are immediately checked for decay. A Fermi breakup mechanism
is used for this purpose.

8.4 Propagation of particles

During the cascade evolution at each step of the simulation only these particles are shifted
that already took part in any interaction (collision, recombination, clusterization, decay), i.e.
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their states are different from the initial ones. As the result the overall shape of the density
distributions of bombarded nucleus varies slowly but local fluctuations could be formed.

It is assumed that the nuclear potential of the target nucleus is constant over its whole volume.
Thus, every object inside the potential well propagates along straight line trajectory according
to its current momentum. During a given step of the cascade (between time ¢t and ¢t + At) the
particle changes its position by A7

AF=TA+A) — T ()= -At-c, (8.1)

where:
7%
E
7 = (p:p,py,pz) - momentum of particle;
E =m?2c* + p?c? - total relativistic energy of particle;
¢ - speed of light.

8.5 Criterion for particle emission

Particles which interact and move toward the nucleon surface are checked for emission only when
they attain the R,,... In this way the particles localized in the outer region of nucleus, where
density is low, can still be considered as constituents of the target nucleus and take part in the
interactions. Particles of the positions of r > R4, are checked if their net kinetic energy permits
to overcome the potential barrier. For the charged particles the Coulomb barrier is taken into
account and the barrier penetration probability with the use of the Gamow factors is calculated.
If the kinetic energy is sufficient the particle of r > R4, is considered as emitted from the
target nucleus. Otherwise it is reflected from the nuclear surface back into the volume of the
target nucleus. The emission angle of the ejectile is determined according to its current vector of
momentum. The same procedure is applied both to the single particles as nucleons or pions as
well as to composite objects like clusters. Resonances A when reaching the nucleus border are
always reflected back.

8.6 Collisions of particles

8.6.1 Collision criteria

For binary collision only these pairs of current target nucleus constituents are designated, for
which at least one counterpart took already part in any interaction or is a projectile. Moreover,
collision is allowed only if the total CM energy is higher than 50 MeV over the mass of the
colliding pair. Following the INCL the so-called soft collisions of very little momentum transfer
are avoided. They are insignificant for reactions at a GeV energy range. In each step of the
cascade the relative distances of each pair of particles which fulfill the collision criteria are checked
for collision probability. Since the colliding particles may have high energies the relativistic effects
have to be taken into account. Relativistic particles have their own times, ¢},t,, different than
the current time, ¢, of cascade when the judgment about the collision has to be done. Thus,
when calculating the relative distance of particles the concept of Cugnon [72] is utilized. It is
assumed that the most meaningful in this case is the spatial distance of the colliding particles
calculated in their own CM system. If the spatial distance of the pair of particles is smaller than
\/@ then such particles undergo collision.
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The meaning of g4,+ and the criterion of selection of the type of collision will be described below.

8.6.2 Cross sections and reaction type

The o4y is a total cross section for interaction of a pair of involved particles. It is a sum of the
cross sections for different types of processes dependent on their isospin, energy, and hadronic
state. The following processes are included:

e clastic nucleon-nucleon cross section, J]e\l,‘]‘\?t“;

e inelastic nucleon-nucleon cross section, O'%LJG\%GSMC;

e nucleon-delta interaction cross section, onyA;

e nucleon-pion interaction cross section, oy ;

The 0%‘%“5”6 comprises only the contribution of the most dominant process in this respect,
namely the excitation of the resonance A(1232).

The cross sections were parametrized by J. Cugnon et al. [83, [85] for the application in INCL.
The same formulae are used in SMC+H-+.

The momentum transfer in the collision is sampled with the use of the differential cross section
for NN collisions parametrized as well in [83].

Collision of particles is allowed only if the resultant states of both colliding particles are not
occupied. The so-called stochastic Pauli blocking is applied with the parameters like: rpp =

3.18 fm and ppp = 200 MeV/c (cf. chapter |5.1.1.1]).

8.7 Treatment of the resonances

The A(1232) particle created during the collision can also collide with the nucleon. In this case
the resonance can be reabsorbed (NA — NN) or elastically scattered (NA — NA). A can collide
with another A as well. To calculate the collision probability and the four-momentum transfer

in this case the a%‘ﬁtic is used.

Existing resonances A(1232) can undergo a spontaneous decay in the reaction A(1232) — Nr.
The decay probability is sampled with the use of exponential dependence with the value of the
life time equal to this of a A(1232) in free space multiplied by a factor 10:

TA(1232)SMC++ =10- TA(1232)free (82)

where T (1232)free = (5.63 £ 0.14) X 1024 s is an average life time of free A(1232) resonance [146].

The constant factor 10 was introduced on order to reflect the extension of the lifetime of A(1232)
resonance in the nuclear medium due to limited phase space. Effective blocking of A(1232) decay
in the nuclear environment depends on the actual energy of the resonance and is not constant.
But in order to suppress the CPU time during the calculations with SMC++ only one value of in-
medium A(1232) lifetime was selected. Selection was based on the best fit of SMC++ simulations
to the experimental distributions of double differential cross section of pions obtained in [I39] and
LCPs measured in the PISA experiment. Similar order of in-medium A(1232) lifetime extension
was proposed in [6] for a simulation of the spallation pion spectra with the use of Hadron String
Dynamics (HSD) model.
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Since the lifetimes of all isospin states of A(1232) are of similar value in SMC++ only the mean
value of all of them is taken as a common to calculate the decay probability for all of the A(1232)
charge states.

The decay of A(1232) can be performed only if the states of both the resulting nucleon as well
as a pion are available. The stochastic Pauli blocking probability is calculated with the same
parameters as for colliding particles.

The A-particles which survive to the end of the assumed thermalization time are forced to decay
in the last step of the cascade.

8.8 Dynamic Clustering in Nuclear Medium (DCNM)

The underestimation of light spallation products which is most significant for low emission angles
and ejectile’s energies in the range 50 - 150 MeV in the cascade models which consider only pure
binary collisions suggests that the process which is possibly missing in these models should induce
the following effects:

e the increase of energy/momentum transfer from a projectile to the target,
e more nucleons of the nuclear medium have to be involved into interaction,

e the latter should enhance the energy dissipation.

Moreover, if possible, the proposed mechanism should contribute to the production of composite
particles since their yields are in many cases not sufficiently reproduced in cascade+coalescence
models as well.

In the course of the model development with the benchmarking on the whole set of the PISA
experiment data collected at beam energies higher than 1.0 GeV and supplemented with neu-
tron cross section data collected at SATURNE [39], LCP cross section measured in the NESSI
experiment [47, [46] and available pion production cross section [139] the idea and details of the
mechanism of Dynamic Clustering in Nuclear Medium (DCNM) has been worked out [I5].

In the current version of the SMC++ the postulated mechanism of DCNM [I5] is implemented
in the following way:

e it is assumed that due to a nuclear density fluctuation the nucleon groups can form a
momentary cluster;

e the spatial interaction range allowing for the considered group of nucleons as a temporary
cluster is momentum dependent and is equal to the de Broglie wave length of the nucleon
propagating in the nuclear medium. The particles, which current positions in a given step
of cascade are within the sphere of the R, = h/p; (p; - total momentum of nucleon i, h -
Planck’s constant) are candidates to form the cluster together with this i —th nucleon. The
cluster formation is suppressed for high momentum nucleons of short de Broglie wave. In
order to avoid situation that the low momentum nucleons of long de Broglie wave interact
with the target nucleus as a whole the limit for the range of cluster formation was set to

be R, < 3 fm;

e momentary clusters can be formed if the energy of the system is sufficient. It was es-
timated that the total kinetic energy of the cluster components must be higher than 60
MeV /nucleon;
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e it is also assumed that among nucleons which form the cluster the interaction takes place
causing internal energy and momentum exchange;

e clusters move across the nuclear medium along the straight lines according to their current
momenta. When attain the nucleus border they can be emitted or reflected depending on
their net kinetic energy;

e existing clusters can grow-up by joining surrounding nucleons which are met at close dis-
tance (lower than R.) on their path of propagation if the available kinetic energy of the
new cluster is sufficient;

e existing clusters undergo decay in-medium according to exponential probability with ap-
propriate life time; The mechanism of Fermi Breakup is assumed for this process. The life
time of clusters will be discussed below.

e mechanism of temporary cluster formation compete with binary NN collisions.

Very important assumption of the DCNM mechanism is that nucleons embedded in clusters
interact mutually. This leads to equalizing the energy and momentum of cluster constituents.
The mechanism of this interaction is not specified in the present version of SMC+-+. As a first
approximation it is assumed that soon after the formation the cluster attains energy equilibrium
and bound nucleons loss the memory about their state before they joined a cluster.

The free parameters of the model related to the DCNM mechanism are the low momentum limit
of the range of cluster formation (R. < 3 fm), the total kinetic energy of the involved nucleons
demanded for cluster formation (higher than 60 MeV /nucleon) and the life time of the cluster
in-medium. The values of all of them were selected with the use of the best fit of simulated
spectra to the experimental data in the whole considered here range of mass and energy.

The life time of the in-medium cluster is a parameter of the fit. It turned out that in order to
obtain the demanded energy dissipation in the target nucleus the decay rate needs to be high.
The width I' for two nucleon cluster was roughly estimated to be I'(n=2) = 2000-I'(A(1232)),
where I'(A(1232)) is a width of free A(1232). Since decay of clusters composed of more nucleons
shall be more effectively blocked by nuclear medium the widths of heavier cluster (n>2) are
assumed to obey the relation: I'(n) = 0.01-I'(n-1).

Selected life times have only approximate physical meaning. In the current model they are
biased by a process used to perform the cluster decay. When a cluster decays either in-medium
or outside, in order to disperse its components in physical way with energy and momentum
conservation in SMC++ the mechanism of Fermi Breakup is used [141]. Usage of this mechanism
is well justified for excited nuclei in the free space. In the nuclear medium however limitations
of available phase-space should extend the decay time as well as modify the mass distribution of
the products.

The proposed mechanism of decay of dynamic cluster is an attempt to realize the concept of
fast interacting but weakly bounded groups of nucleons forming the molecular resonances or
fireball-like clusters. Majority of them are only a short living fluctuations of nuclear matter
but among them are the objects bounded more firmly or more effectively blocked against the
decay. This kind of momentary clusters can propagate inside the target nucleus and if having
sufficient kinetic energy can leave the target nucleus. They can give the contribution to the yield
of composite particle production.

In the SMC++ the d, t, and 3He light nuclei are produced predominantly in the decay of heavier
clusters emitted from the target nucleus. The mean mass of the source of these particles is
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between 5 and 6 which is in good agreement with estimated mass of fireball responsible for d, t,
and *He production in the moving source model by the PISA collaboration [L3].

8.9 Interplay of the collision and clusterization

The momentary cluster formation is related to the momentum of the particles and is governed by
a lengths of de Broglie wave of the relevant nucleons. For the lower momenta of nucleons their
de Broglie waves are usually longer than the radii of the geometrical cross section calculated
from the total hadronic cross section for binary collisions. Thus, for lower momenta the cluster
formation is more preferable than binary collisions. But with increase of the nucleon momentum
the cluster formation gets suppressed due to a drop of its de Broglie wave length. This opens a
room for the binary collisions which play dominant role in the interactions of higher momenta
nucleons. Particles released from the clusters due to their decay gain the momentum what causes
a decrease of their de Broglie waves and enlarges the following binary collision probability.

8.10 Sampling of interaction probabilities

The evolution of interacting nuclear system during initial reaction phase in SMC++ is simulated
in equally distant time intervals. It creates a technical problem of reliable probability sampling
of individual processes relevant to the current conditions of the system. Thus, when any nuclear
component attain predefined interaction conditions (mutual distance to counterpart, sufficient
energy) it is examined for interaction probability only once. In the following steps of the cas-
cade this particle can be considered for a subsequent interaction only when at least one of the
interaction counterparts has taken part in the other interaction in between (with other particle
or in other process).
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9 Discussion of results of Spallation Model

with Cascade-}++

In this section the theoretical distributions obtained with the SMC++ model will be discussed
and confronted with the broad set of experimental data. For p, d, t, and 3He ejectiles the whole
range of target masses and impinging proton energies as those explored in the PISA experiment
is represented. The distributions of neutrons will be compared to the experimental ones obtained
at SATURNE [39]. The simulated pion spectra are compared to the data of Cochran et al. [139).
Moreover, for LCP’s the equivalent theoretical distributions obtained with the use of INCL4.3
will be shown in order to facilitate the comparison of both theoretical models and to indicate
the effects of the dynamic clustering mechanism proposed in SMC+-+.

The SMC++ model was coupled with GEM2 code permitting simulations of evaporation from
the thermalized remnant of the first phase of the pA reaction (performed by SMC-++).

Throughout this chapter, if not stated otherwise, in the attached figures the components from the
binary collisions of nucleons as well as the low energy components resulting from the evaporation
are summed together and represented by dashed line. In this way the main processes of the
traditional two step model of the spallation are given as one contribution.

The contribution of the DCNM is marked with the dotted line. It is formed out of these emitted
particles which at least once have been a part of a momentary cluster. Beside of participation
in clusters, prior to it or when already released from the cluster, these nucleons can undergo the
binary collisions as well.

Only these nucleons that never took part in cluster formation but during the cascade interacted
only via NN collisions contribute to the distribution marked with the dashed line.

It has to be stressed that due to the interplay of the binary collisions and the clusterization in
the SMC-++ model in the presented below figures, the components from binary collision cannot
be directly compared to the results of simulation done with models where the binary collision is
the only considered mechanisms.

9.1 Neutrons

The valuable information of the double differential cross section of neutron emission after the pA
collision at the GeV energy was collected in experimental campaign performed at SATURNE.
The Fe and Pb targets were bombarded with proton energies of 0.8, 1.2 and 1.6 GeV energy [39].

In figure[9.1] examples of simulated with the use of SMC++ the neutron double differential cross
section for Pb target and proton energy of 1.6 GeV are shown.

Thanks to the whole kinematic range of the neutron double differential cross sections measured
at SATURNE some important features of the assumed clustering mechanism can be noted. The
assumed momentum dependence of cluster formation probability results in dominant role of
DCNM for low momenta nucleons of the large de Broglie waves. The products of the decay of
momentary clusters contribute predominantly to the lower energy part of the emission spectra.
The influence of DCNM decreases with increasing momentum. Above about 1000 MeV of particle
emission energy the responsible mechanism is predominantly of binary character. The position
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Figure 9.1: Distribution of neutrons emitted in p+Pb reaction at proton impinging energy of 1600
MeV simulated with SMC++ and compared to experimental spectra (circles) by Leray et al. [39]. A
comparison is done for a few emission angles between 0° and 85°. The dashed line represents the sum
of evaporation component (peak at low energies) simulated by GEM2 [63], [64] and contribution from a
cascade of pure binary collisions (marked as NN) of SMC++. The dotted line outlines the contribution
from a process where in-medium nucleon at least once interacted within a momentary cluster (DCNM).

and shapes of quasi-elastic peaks visible at low emission angles in the SMC++ (as well as in
INCL simulations - cf. [70]) are well reproduced with binary interaction component alone.

Definitely, in the domain of low emission energies, where the observed discrepancy between the
experiment and theory were up to now the strongest, the DCNM mechanism contributes very
effectively to the observed yields of spallation products and compensates their underestimation
in the pure binary collision approach.

More examples of the SMC++ simulation of the neutron spectra and their comparison to the
experimental ones is given in appendix
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9.2 Light Charged Particles (LCPs)

9.2.1 Protons

In the intermediate energy region where the discrepancies between the experiment and theoretical
models were so far most significant the merit of the proposed DCNM mechanism is illustrated
in figs. [9.2 and (last two only upper row) where measured in PISA and NESSI
experiments proton double differential cross sections registered for p-Ta, p-Au, p-Ni and p-Al
collision at 2.5- 1.9- and 1.2 GeV are compared with the SMC++ simulations. The simulated
distributions reproduce the experimental ones with a precision always better than that achieved
earlier in microscopic simulations.
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Figure 9.2: SMC++ simulation (solid line) compared to double differential cross section for proton
produced in '97Au target bombarded with protons. Experimental data were measured in the PISA
experiment (open circles) [II]. The upper row shows results for 2.5 GeV beam energy, where three
detection angle are selected: 16° (left panel) 65° (middle panel) and 100° (right panel). The middle and
lower rows show the data for 1.9- and 1.2 GeV proton beam energy, respectively. The sequence of the
detection angles is the same as in the upper row. The meaning of particular components of theoretical
calculations is the same as in fig.

Creation and decay of the momentary clusters induces much faster energy dissipation among the
nucleons of the target and increase of number of medium nucleons involved in the dissipation
process. As a result, for these regions of energy and emission angles where classical two step
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Figure 9.3: The same as in but for "*!Ni target. Experimental data (open circles) were measured
in the PISA experiment [13].

models failed in reproducing the double differential cross sections with SMC-++ a significant
improvement is observed. The angular and energy dependence of the yields of ejectiles of reactions
with heavy targets are reproduced rather well. For the light targets the discrepancy with respect
to the experiment is still visible but is much smaller than for the INCL calculations (cf. figs.

(11.7, [11.11} 11.15| of appendix [11.2)).

In the emission of protons in the energy range where transition between the evaporation and
preequilibrium components exist the experimental data measured at large detection angles (here
100°) show a structure which can be interpreted as an onset of preequlibrium spectrum. Espe-
cially for heavier targets such as Au and Ag (for Ag data see appendix and for all three
presented here collision energies there is a broad but distinct peak around emission proton energy
of 40 MeV. Neither the SMC+-+ nor the INCL model is able to reproduce this structure. The
data would be better reproduced by the simulation in which preequilibrium emission of protons
both these originating from binary collisions as well as those from DCNM were more suppressed
in the lowest emission energy range. Since this onset of preequilibrium is more distinct for heavy
targets than for the light ones it may suggest that the calculation of the emission probability is
oversimplified in both models.
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9.2.2 Composite LCPs

The composite isotopes emission in the proposed SMC-++ model is related only to creation and
decay of dynamical clusters. In the model calculations the clusters have finite lifetime. Most of
them decays instantly but those which live longer propagate in the target nucleus and can be
expelled after reaching the nucleus surface. In majority they are a kind of fireballs - pieces of
excited nuclear matter. Outside the target they may undergo an instantaneous disintegration
into ground state particles.

The SMC++ simulation of LCPs production are compared in fig. to double differential
cross sections obtained in the NESSI experiment for proton-'®1Ta reaction at 1.2 GeV. The
distributions of composite ejectiles are shown in the second row (deuterons), in the third row
(tritons) and in the fourth row (*He). Some examples of SMC-++ simulation of LCPs production
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Figure 9.4: SMC++ simulation (solid black line) compared to double differential cross section for
protons, deuterons, tritons and 3He produced in '8! Ta target bombarded with protons at 1.2 GeV energy.
Experimental data (open circles) were measured in the NESSI experiment [46] at three detection angles
of 30°, 75° and 150° with respect to the beam direction. The meaning of particular components of
theoretical calculations is the same as in fig.
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Figure 9.5: SMC-++ simulation (solid line) compared to double differential cross section for protons,
deuterons and tritons produced in 27Al target bombarded with protons at 1.2 GeV energy. Experimental
data (open circles) were measured in the PISA experiment [I4] at three detection angles of 16°, 65° and
100° with respect to the beam direction. The meaning of particular components of theoretical calculations
is the same as in fig.

in the light target nucleus are compared in fig. to to double differential cross sections for
p, d, t production in 27Al target bombarded with 1200 MeV protons. Figs. show
double differential cross sections for d, t, 3He obtained for proton-"*Ni reaction at 2.5- 1.9- and
1.2 GeV beam energy.

It is clear that the simplification used in SCM-+ consisting in assumption about instantaneous
thermalization of the matter embedded in the momentary clusters is too strong. It is visible
especially in the simulated spectra of composite particles. There is a tendency that results of
the simulations overestimate the measured yield of particles at low emission angles whereas at
higher emission angles simulated cross sections are lower than experimental ones. It comes from
the fact that cluster formation is predominantly initialized by energetic nucleons of the resultant
momenta pointed forward with respect to the beam axis. Under assumption of fully compound
and equilibrated clusters their decay give stronger contribution to the forward directions than
it is required. It would be better for the data description to assume not fully equilibrated
clusters. During their decay the spread of dispersing particles could then to some extent reflect
the initial momenta of particles before they joined together. And the decay product would give
less contribution to the particle flow at small angles with respect to the beam axis. A proper
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Figure 9.6: The same as in fig. but the presented cross sections are for deuterons.
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Figure 9.8: The same as in fig. but the presented cross sections are for *He.

modeling of interaction of nuclear constituents within the momentary cluster is an appealing
aspect of the proposed DCNM mechanism.

In the SMC++ the d, t, and 3He particles are produced predominantly in the decay of heavier
clusters emitted from the target nucleus. The mean mass of the source of these particles is
between 5 and 6 which is in good agreement with estimated mass of fireball assigned to be
responsible for d, t, and *He production in moving source model of the PISA collaboration [13].

An extensive comparison of the results of SMC++ simulation of the LCP’s double differential

cross section to the experimental data of the PISA experiment is shown in appendix The
presented there figures contain also the results of simulations obtained with INCL4.3+GEM2.
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9.3 Pions

The emission of pions in the initial phase of the spallation process is an important factor influ-
encing the speed of the remnant thermalization. The rate of pion production to great extent
determines the excitation energy of the remnant. Thus, the prediction power of the spallation
model concerning the pion yields is an important benchmark for the model construction and its
tuning.

The pion spectra in the proposed model result entirely from NN—NA(1232) excitation and
A(1232) decay. They are important indication of an inelastic process rate in NN collisions. In
current versions of SMC++ the nucleons captured in the dynamic clusters cannot take part in the
A resonance excitation and thus in the pion production. But the pion spectra of SMC++ remains
almost unaffected when compared to the results obtained in the INCL simulations [70, [89]. It
means that the parameters of SMC++ responsible for the probability of momentary clusters
formation and decay are selected properly in the sense that cluster formation does not suppress
the pion production in the NN—NA(1232) process. The pion rate results as well from the
decay rate of the existing A’s. In this respect the simplified recipe for in-medium A lifetime
determination applied in SMC++ (cf. seems to be sufficient.

Unfortunately, the experimental data for the pion production in the demanded here energy range
are scarce. Figures 19.10} [9.11] and [9.12| show the SMC++ simulations of 7+ and 7~ double
differential cross sections for 730 MeV proton induced spallation in C, Al, Cu and Pb target,
respectively. The theoretical predictions are compared to the only available experimental data
of [139].
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Figure 9.9: Distribution of pions emitted in reaction of p+C at 730 MeV simulated with SMCH+
compared to experimental spectra by Cochran et al. [139]
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Al(p,piX), TIo =730 MeV

Figure 9.10: The same as in fig. but for Al target
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Figure 9.11: The same as in fig. but for Cu target

The shapes of distributions and their magnitudes of both the positive as well as the negative
pions are well reproduced by SMC++. It concerns all examined targets and the whole range of
emission angles. The model underestimates only the higher energy part of the pion spectra.
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Figure 9.12: The same as in fig. but for Pb target

The correct reproduction of the low energy components of the neutron and LCPs distributions
assigned to the evaporation process indicates that the assumed processes of SMC-++ are properly
balanced permitting the creation of the hot residual nuclei with realistic physical parameters.

It has to be emphasized that the dynamical clustering in nuclear medium proposed here is a
process different from the purely kinematical fireball creation governed by geometry of overlap-
ping ions like in [126] 128]. It is also different than fireball used in interpretation of results of
the PISA experiment by means of moving source method (see chapter [7| and [10] 111 [I3]) where
again only geometry plays a role. A mechanism named snowball [67] is based on the idea similar
to coalescence and has different nature as well.
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10 Summary

The experimental investigations of the spallation mechanism performed by the PISA collabora-
tion followed by the extensive efforts for theoretical interpretation of obtained double differential
cross sections bring the significant progress for the understanding of the very complicated domain
of proton-nucleus interactions at GeV energy region.

The obtained experimental data base for Cfg—gg ranges from production of protons to carbon nuclei
emitted from target nuclei of 197Au, "®Ag, "*Ni, 27Al and '2C is the broadest set of spallation
data obtained up to now by one experiment. The bombarding kinetic energies of protons are
from 175 MeV to 2.6 GeV. The reaction products were registered at 9 detection angles by an
advanced detection system composed of detectors of diverse types.

Applied experimental technique utilizing the internal beam of the COSY accelerator in the Re-
search Center Jiilich (Germany) and the operation mode permitting for interruption-free collec-
tion of data at few beam momenta as well as very careful data selection and calibration benefited
in creation of a broad, reliable and precise experimental data base of double differential spallation
cross sections.

The obtained experimental distributions were interpreted in the framework of the hypothesis of
the two step spallation process with the use of the best contemporary models of spallation reac-
tion - Intranuclear Cascade Liege (INCL), transport equations of Boltzmann-Uehling-Uhlenbec
(BUU), Generalized Evaporation Model (GEM), multifragmentation process as a Fermi Breakup
mechanism (computer code ROZPAD). The analysis has shown that the low energy components
of the experimental spectra can be reproduced with good precision under the assumption of the
statistical decay (evaporation or mulifragmentation) of a target remnant. It was also realized
that the mechanism assumed for the initial step of the proton-target interaction, namely cascade
of binary hadronic collisions supplemented with surface coalescence mechanism, is insufficient
for reproducing the double differential cross section for all types of spallation products. Con-
temporary models underestimate the experimental spectra for all target masses and for all beam
energies. The most significant discrepancies are observed for small emission angles and in the
emission energy range of 50 - 150 MeV. The disagreement is stronger for light target of 12C (up
to factor 5) and decrease with the target mass. For 7Au the discrepancy is about a factor 2.

For this reason a further interpretation of the data has been performed with a classical two
step model extended by the phenomenological modeling of moving sources. Assumption about
alternative mechanisms contributing to the emission of spallation products resulted in the success
in reproducing the experimental distributions within this hybrid model. It was achieved at the
expense of introduction of a few but reasonable and well justified model parameters which are
universal for the whole considered range of energy and mass.

The analysis of the experimental distributions obtained in the PISA experiment have shown that
currently there is no one consistent model permitting to interpret the proton-nucleus interaction
at energies higher than a few hundreds of MeV. In order to account for observed shapes of
d?;d”E there is a need of application of a conglomerate of mechanisms which contribute to the
particle yield. The conditions of occurrence of individual mechanisms are not fully defined. The
simulation of the reaction where various mechanisms are introduced permits to establish their

significance for different target masses, ejectiles and energy regions.
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Besides of statistical emission in the form of evaporation from thermalized target-like remnant,
which is responsible for a low energy component of all types of ejectiles it seems that accumulated
energy in the bombarded nucleus in the case of light targets can induce a more rapid disintegration
of the target which can take a form of multifragmentation. This phenomenon can be described
by a Fermi breakup mechanism. Performed simulations with the multifragmentation mechanism
of light targets (}2C, 27Al) resulted in an improvement in calculated yields for IMFs, whereas
there is almost no effect for LCPs.

In order to reproduce the high energy component of the double differential cross sections which
extends from about 30 MeV and is more pronounced for low emission angles, the microscopic
models which take into account the general nuclear properties and experimental cross section
of relevant hadronic interaction (in this respect the intranuclear cascade model - INCL and
BUU calculation have been checked) have to be supplemented with the hypothesis of nuclear
coalescence or the phenomenological models utilizing the general features of the excited thermo-
dynamical ensembles. In this context the moving source model has been applied indicating the
possible existence of three sources of observed particles. Among them the most significant is the
possible formation of a light and fast propagated object emitting LCPs. This object is referred
to as a "fireball".

The results of the phenomenological analysis of the data using the moving sources model was
an inspiration for the search of the lacking reaction mechanism in the more microscopic man-
ner. The intermediate stage of the reaction could efficiently contribute to production yields
underestimated by the classical two step model. For this purpose a new spallation model has
been constructed with partial utilization of the achievements of the decade long development of
the INCL model family, but structurized in the way permitting an easy implementation of the
hypothetical mechanisms of the reaction. The model called Spallation Model with Cascade++
(SMC+-+) is implemented into the computer code written in C++ programing language.

The requirements of the additional mechanism contributing to the spallation yields, but missing
in the classical two step approach, have been defined as follows: the increase of energy /momentum
transfer from a projectile to the target, involvement into interaction of more nucleons of the
nuclear medium, enhancement of the the energy dissipation within the target nucleus during the
initial reaction phase. The postulated mechanism should also contribute to the production of
composite spallation ejectiles.

It was found that the process fulfilling the above mentioned requirements, and called a Dynam-
ical Clustering in Nuclear Medium (DCNM), may consists in the creation of the momentary
aggregates of the mutually interacting nucleons in the whole volume of a nuclear medium. The
appearance of such clusters can be an effect of the fluctuations of the nuclear density in the
nucleus thrown off balance by impact of a projectile and created in this way local nuclear field
modifications. The postulated objects have to be of the nature of fireballs or molecular resonances
rather than the well established nuclear composite objects. In order to obtain the demanded en-
ergy dissipation rate the fast interaction among the cluster constituents has to be assumed and be
followed by the cluster decay. The estimated life times for majority of dynamic clusters have to
be very short - significantly shorter than the lifetime of a free A resonance. Permitting, however,
a broad spread of the life times for these of the clusters which are more firmly bounded allows
to realize a self consistent concept of the composite particle production in spallation reaction.

It was noted already in the past that some form of the internal substructures in the nuclear
systems are needed in order to account for the observed problems in the theoretical descriptions
of observed phenomena. In the low energy domain, where the shell model is applicable, the cluster
formation in the light nuclei was introduced in the formal mathematical manner by Wildermuth
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[147]. From that time the so-called nuclear cluster physics is a lively developing branch within
the nuclear spectroscopy research (see e.g. [148]). In the field of heavy ion collisions the ideas of
fireball and firestreak have been explored [1206] [128]. Recently the ideas about the excitation of
the nuclei to the state of the alpha-particles gas are explored both experimentally [I49] and on
the ground of theoretical models [144]. In the spallation physics the concept of snowball were
introduced by Boal [67]. The idea of surface coalescence [47] is broadly used in order to aid in
the production of composite particles both in intranuclear cascade models [68] [70] as well in the
Quantum Molecular Dynamics [69]. In the latter case the cluster formation can be also permitted
due to the overlap and interference of the nucleon wave functions [I144]. The enhancement of
the nucleon emission rate in spallation processes was studied within QMD with an assumption
about a noninstantaneous and nonlocal character of NN collisions [I50], 151].

The postulated new process of DCNM is an attempt to go beyond the limitations of the contem-
porary concepts of the in-medium nuclear interactions. It is tried to account for the actual density
fluctuations over the whole volume of the target nucleus and during the whole time before the
spallation remnants attain the thermal equilibrium. The DCNM mechanism is also an attempt to
include into still simple model of cascade an effect of non zero probability of interaction among a
few closely remaining nucleons. The proposed process depends not only on geometry but also on
the suitable energy and momentum conditions have to be fulfilled. The achieved good agreement
of SMC++ calculations with experimental data obtained for various proton beam energies and
broad range of target masses indicates that nuclear density fluctuations have to be taken into
account when nucleon-nucleus processes are studied and that in-medium interaction involving a
few nucleons on very short time scale is a mechanism actually realized in nature.

The experimental program of the PISA collaboration have to be evaluated as very successful.
Huge set of precise experimental data have been collected. Careful interpretation of the ob-
tained results was performed within the existing theoretical models. The areas of the models
inadequacy to the observed physics phenomena have been defined. The creative approach to
the analysis of experimental data resulted in development of fresh ideas on the mechanisms of
spallation reactions. It gained in both qualitative as well quantitative definitions of mechanisms
and conditions required in order to obtain a better description of observed in experiment phe-
nomena. All these efforts have resulted in unquestionable progress in the understanding of the
mechanism of the nucleon-nucleus interaction in a few GeV region of bombarding energies. As
open question remains whether the new identified features of spallation reactions can be derived
from first principles.
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11 Appendix - results of Spallation Model
with Cascade-}++

In this appendix a broad set of distributions obtained with the SMC++ model will be confronted
with the experimental data of the PISA experiment. As mentioned already in chapter [§| the
SMC++ model was used to simulate the initial phase of pA reaction whereas the evaporation
from the thermalized remnant was performed with the use of GEM2 model. Both model were
coupled together in one computer code and simulation have been performed event-by-event.

11.1 Neutrons

The convention of the labeling of the individual components of spallatiom mechanism is here
the same as in chapter [0} the components from the binary collisions of nucleons and the low
energy components resulting from the evaporation are given as a one distribution marked with
the dashed line. The contribution of the DCNM is marked with the dotted line.

In all figures the experimental data (open circles) used as a reference originate from the measure-
ments performed at SATURNE [39] where the Fe and Pb targets were bombarded with proton
energies of 0.8, 1.2 and 1.6 GeV energy.
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Figure 11.1: Distribution of neutrons emitted in reaction of p+Fe at proton impinging energy of 800
MeV simulated with SMC++ and compared to experimental spectra of Leray et al. [39]
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Figure 11.2: The same as in fig. but for proton impinging energy of 1200 MeV.
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Figure 11.3: The same as in fig. but for proton impinging energy of 1600 MeV.
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Figure 11.4: Distribution of neutrons emitted in reaction of p+Pb at proton impinging energy of 800
MeV simulated with SMC++ and compared to experimental spectra of Leray et al. [39]
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Figure 11.5: The same as in fig. but for proton impinging energy of 1200 MeV.
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Figure 11.6: The same as in fig. but for proton impinging energy of 1600 MeV.
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11.2 Light Charged Particles (LCPs)

The LCPs simulations of SMC++ (solid red line) are compared to the analogous results of
INCLA4.3 (green dashed line). The evaporation process in both cases has been performed with
the GEM2 model. The reference experimental data were obtained in the PISA experiment (open
circles).

11.2.0.1 Proton bombarding energy of 2.5 GeV
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Figure 11.7: A comparison of results of simulations with SMC++ and INCL4.3 [68] with the experi-
mental distributions of protons measured in collisions of protons with various target nuclei at energy of
2.5 GeV. Experimental data originate from the PISA experiment.
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Figure 11.8: The same as in fig. but for deuterons.
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Figure 11.9: The same as in fig. [[1.7] but for tritons.
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Figure 11.10: The same as in fig. but for 3He.
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11.2.0.2 Proton bombarding energy of 1.9 GeV
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Figure 11.11: A comparison of results of simulations with SMC++ and INCL4.3 [68] with the experi-
mental distributions of protons measured in collisions of protons with various target nuclei at energy of
1.9 GeV. Experimental data originate from the PISA experiment.
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11.2.0.3 Proton bombarding energy of 1.2 GeV

A(p,pX) @1.2 GeV

[
o

1

®
>

&
=
~~
o
E
W o
©
G
o
~~

o
(9\]
©

=

N
e
(S

. 2¢c o PISA
] ] ] INCL + GEM
SMC + GEM

1 1 1 1 1 1 1 1
0 50 100 150 50 100 150 50 100 150
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mental distributions of protons measured in collisions of protons with various target nuclei at energy of
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13 Glossary of abbreviations used in the
monograph

A
ADS - Accelerator Driven Systems;

ARC - Adiabatic Resonance Crossing;

B

BCD - Bragg Curve Detector;

BNB - Berlin Neutron Ball - a 47 acceptance neutron detector;
BSiB- Berlin Silicon Ball - a 47 acceptance charged particle detector;

BUU - Boltzmann-Uehling-Uhlenbeck transport equations;

C

CEA - Research Center in Saclay, France;

CERN - European Organization for Nuclear Research;
CM - Center of Mass reference system;

CNO - Carbon, Nitrogen, Oxygen - group of isotopes;

COSY - COller SYnchrotron - an accelerator in Research Center Jiilich (Germany);

D

DCNM - Dynamical Clustering in Nuclear Medium - an hypothetical intranuclear process
postulated in this dissertation
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E

ESS - European Spallation Source;

G
GCR - Galactic Cosmic Rays;
GEM, GEM2 - Generalized Evaporation Model;

GEMINI - model of statistical emission from excited nuclear system:;

H

HSD - Hadron String Dynamics model;

IAEA - International Atomic Energy Agency;
IMF - Intermediate Mass Fragments - spallation products of Z > 2 and A < A7gges /3;
INCL - Intranuclear Cascade Liege - model of nuclear cascade;

ISM - Interstellar Medium;

L

LAB - Laboratory reference system;

LAHET - Los Alamos High Energy Transport code system;
LCP - Light Charged Partices - spallation products of Z < 2;
LEAR - accelerator in CERN;

LiBeB - Lithium, Beryllium, Boron - group of isotopes;
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M

MCP - Micro Channel Plate;

N
NESSI - scientific collaboration and name of spallation experiment;

NN - Nucleon-Nucleon (potential, interaction);

| o

PISA - Proton Induced SpAllation - scientific collaboration and name of spallation experiment;

Q

QMD - Quantum Molecular Dynamics;

S

SMC++ - Spallation Model with Cascade++;
SMM - Statistical Multifragmentation Model;

SATURNE - accelerator in CEA Research Center;

T

TOF - Time Of Flight - an experimental technique;

U

UHYV - Ultra High Vacuum;
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