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Abstract

Studies of the selected problems in understanding of nuclear spallation physics
are undertaken. Among them are the description of the initial phase of pro-
ton - target nucleus collision and proceeding of the intranuclear cascade,
isotropic emission of nuclear fragments of very broad mass spectrum, con-
tribution of the nonequlibrium and equilibrium processes to the total pro-
duction cross-section and its dependence on the isotope isospin, variation of
the total production cross-section related to the number and ratio of pro-
tons and neutrons of the emitted particle. New experimental distributions
of the double differential production cross-sections (d*c/dQUdE) for p, d, t,
77 and 7~ in the p + Nb reaction at 3.5 GeV proton beam energy are pro-
vided. They have been measured by High Acceptance DiElectron Spectrom-
eter (HADES) experiment. The measured energy range of hydrogen isotopes
are significantly extended in comparison to the experimental data available
in the literature. The new experimental spectra are confronted with the theo-
retical prediction of three models of intranuclear cascade - GiBUU, UrQMD,
INCL++. Discrepancies of the experimental and theoretical distributions
are noticed and discussed. Experimental data derived from the literature are
used for examination of nuclear mechanisms assigned to the nuclear deexci-
tation phenomena. The comparative analysis of the four model prediction
(ABLAO07, GEMINI++, GEM2, SMM) of the selected observables relevant
to the isotropic nuclear fragment emission is performed. Disagreement of the
model prediction and the experimental data is observed.
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Chapter 1

Introduction

1.1 Spallation reaction

The nuclear spallation is a sequence of reactions induced when a target nu-
cleus is struck by an incident particle of energy greater than around 50 MeV.
In such a collision the emission of nucleons, light charged particles (LCP),
i.e., particles heavier than proton but lighter than 5He, and heavier nuclei
may be expected besides elastic and inelastic collision of the projectile with
the target nucleus. The nucleus resulting from the first collision is usually
excited and may emit further ejectiles during its rearrangement. Therefore
various nuclear processes may be involved, which usually lead to a significant
modification of the initial nucleus.

1.1.1 Why study nuclear spallation?

Understanding these processes is interesting, but there are also practical
reasons to undertake the studies of nuclear spallation. The gained knowledge
can be used in numerous scientific, technological and medical applications.
Only a few of them are mentioned below. They are:

e construction of the neutron sources used for scientific studies and tech-
nology applications [1];

e conversion of long-living nuclear waste into nonradioactive substances
or short life products [2];
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e production of short-living rare isotopes for medical science studies [3|
and scientific purposes [4];

e construction of various kinds of radiation protection to be used on Earth
or in the spacecraft;

e simulation and construction of detection apparatus for nuclear and par-
ticle physics.

1.1.2 The need for theoretical models

For such a broad range of applications of nuclear spallation, there is demand
for the knowledge about the relevant quantities. They are, e.g., the total and
differential cross-sections for the production of various nuclides. Usually, it
is difficult, time-consuming and/or costly to obtain experimentally desirable
information. Therefore the existence of a reliable theory of the mechanisms
contributing to the spallation reactions is necessary.

Nuclear spallation is a complicated phenomenon proceeding in the many-
body, excited quantum system. Due to the lack of analytical mathematical
formalism of such processes, the simplified models have to be used. They
contain contemporary knowledge about nuclear systems and nuclear reac-
tions, usually with many unavoidable approximations. Models provide the
solutions using the Monte Carlo simulations.

The models are developed and optimized in an iterative manner taking
input from the information obtained experimentally. Thus, it is crucial to
provide valuable and precise experimental observables for models develop-
ment and benchmarking.

1.1.3 Types of models

In the modeling of the proton (p) - target nucleus (A) collision most com-
monly the idea of Serber [5] is adopted. It assumes that the p - A collision
proceeds in two steps of different time span:

e The first and fast stage of the reaction consists of an intranuclear cas-
cade (INC) of nucleon-nucleon and nucleon-pion collisions, leading to
significant emission of nucleons, pions and nuclear clusters called Light
Charged Particles (LCP). The excited residuum of the target nucleus
appears in thermodynamical equilibrium.

1.1. Spallation reaction 8
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Figure 1.1: Particle emission in the first stage of the spallation reaction

e In the second stage (extended in time), various de-excitation processes
of the residual excited nucleus are involved. The emission of single
nucleons, LCP, heavier clusters (so-called Intermediate Mass Fragments
- IMF) is possible due to evaporation, fission and/or fragmentation
processes.

Fig presents the particle emission during the intranuclear cascade.

Various models used for simulation of both of these two stages of the
reaction are available.

The dynamical - first step o reaction can be simulated, e.g., with the
following models: INCL++ [6{10], GiBUU |[11], UrQMD |12, 13|, JAM [14],
Bertini |15} [16], CEM [17], ISABEL [18, [19].

The slow deexcitation of the after-cascade remnant is calculated, e.g., in
ABLAO7 [20], GEMINI++ |21}, 22|, GEM2 |23, [24], SMM [25].

The selection of the model depends on the projectile energy, target mass,
resulting excitation energy, demanded quantity of interest but also on credi-
bility of the model’s results.

For example, the combination of the cascade model of INCL4.6 with the
deexcitation model ABLAO7 is able [9] to describe with the precision of factor
2 the total cross-sections as well as the energy spectra and angular distribu-

1.1. Spallation reaction 9
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tions of neutrons, protons and pions for the broad range of the bombarding
energies of the light projectile (from 50 MeV to 5 GeV). The experimental
yields of the remnant nuclei could be reproduced as well.

However, these models - similarly to all other spallation models - meet a
problem of the explanation and quantitative description of the non-equilibrium
emission of complex light charged particles (LCP), i.e., d, t, 3He and ‘He
as well as of the intermediate mass fragments (IMF), i.e., particles heavier
than *He but lighter than products of the fission.

1.2 Questions that need to be answered in nu-
clear spallation research

After many years of research in this field of experimental and theoretical
groups, many fundamental questions are still unanswered. The main of them
are:

e [s the assumption about the two step model justified or the scenario of
the reaction is different (e.g., instantaneous formation of a few excited
moving sources of particle emission |26]) ?

e What are the mechanisms acting during the initial part of collision?
Is the energy /momentum dissipation within the target nucleus realized
only by the binary collisions or other mechanisms are present as well ?

e How far it is justified to use the experimental nucleus-nucleus and
nucleus-pion cross-sections measured in the vacuum for calculation of
collision probability within the nuclear medium 7

e What are the mechanisms responsible for the creation of fast composite
nuclear particles ?

e How far the excited nuclear quantum system can be approximated by
the statistical ensemble of point-like particles described by thermody-
namics 7

Some of these fundamental questions are addressed also in this thesis.
The general assumption about the two step scenario of spallation process is
adopted.

1.2. Questions that need to be answered in nuclear spallation research 10
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1.3 Organization of thesis

The review of contemporary theoretical models used for description of the
spallation reactions is presented in chapter 2 The following experimental
and theoretical objectives of the present work are discussed in the further
chapters of the thesis:

i)

ii)

iii)

iv)

Studies of the first step of spallation reaction (chapters 3 and 4): the ex-
perimental determination of the differential cross-section (d*c/dQUdFE)
for emission of Hydrogen isotopes as well as charged pions from colli-
sions of protons with Nb nuclei at £, = 3.5 GeV (experiment performed
in the frame of HADES collaboration) and theoretical description of the
obtained data;

Second step of the reaction - phenomena governing the deexcitation
of the remnant of the first step: the theoretical analysis of the data
published in the literature, which contain total isotopic cross-sections
for production of nuclei from Li to Ba in p+'*%Xe collision at E, = 1
GeV. Results of this analysis were partially published in |27] and [28].
For this subject the chapter 5 is devoted;

Examination of the contribution of the non-equlibrium and equilibruim
processes to the total production cross-section for various isotopes and
its dependence on the ratio of protons and neutrons in the emitted
object (chapter 6). For this aim the data of p + Ag collisions at E, =
480 MeV published in [29] were utilized;

Theoretical assessment of the experimental observation of variation vis-
ible in the total production cross-section for various isotopes of similar
mass number A known as Odd-Even Staggering of cross-section (OES).
The experimental cross-section are adopted from [29]|. This topic is pre-
sented in chapter 7.

The thesis is concluded with the summary.

1.3. Organization of thesis 11



Chapter 2

Contemporary theoretical models
for spallation reactions

In this chapter some theoretical models, which are applicable for description
of proton-induced spallation reactions will be discussed. According to hy-
pothesis of Serber [5], such a reaction proceeds in two steps. The first step is
a cascade of binary collisions among the constituents of the target nucleus,
induced by the impinging projectile. This stage lasts a few fm/c. Elastic and
inelastic interactions lead to distribution of the excitation among the target
nucleons and creation of resonances (mainly deltas). Decay of resonances is a
source of pions, which additionally contribute to the cascade of interactions.
Those of nucleons and pions, which energies exceed their separation energies
can be emitted. Also the complex objects like the H and He isotopes (and
even heavier composite particles) can appear in this stage of reaction.

The hypothesis of Serber assumes furthermore that after cascade of emis-
sions of fast particles the excited remnant of the target nucleus is left in its
thermal equilibrium.

The second stage of the reaction consists in de-excitation of this remnant
nucleus by various processes like particle evaporation, (multi-) fragmentation,
asymmetric and symmetric fission. These processes are a source of single
nucleons, light composite nuclear aggregates called the light charge particles
(LCP), Intermediate Mass Fragments (IMF) of the mass number A > 4 but
lighter than fission fragments and heavy residues.

In general the shapes of experimental spectra of spallation reactions can
be described with the models adopting such two step scenario of reaction.
However, the low precision of the theoretical reproduction of the data induces

12
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the need for looking for more complicated or quite different hypotheses of the
reaction scenarios. For example there are models, which assume the three
steps of the reaction. The intermediate stage called a pre-equilibrium stage
is assumed between the cascade and the full thermal equilibration of the
system.

In the next sections, a most commonly used models of the first and the
second stage of reactions will be described.

2.1 DModels of the first stage reactions

Among the models used to describe the dynamics of the proton target nucleus
collision (i.e. first stage of reaction) are INCL [6-10], GiBUU|11], UrQMD]|12,
13|, JAM[14], INC by Bertini |15} [16], CEM [17], and ISABEL |18} 19]. Some
of the them were created especially to study the spallation reactions (INCL,
INC). Others try to describe in general the collisions of nuclear objects (e.g.
the heavy ion collisions) and broad diversity of fundamental nuclear processes

(GiBUU, UrQMD).

2.1.1 Intranuclear cascade models - INC

In the simplest approximation the proceeding of the first step of reaction
- the intranuclear cascade (INC) can be imagined as collisions of the free
nucleons, pions and other particles embedded in the volume of the target
nucleus. Individual collisions take place if predefined conditions are fulfilled.
The excitation of A resonance is one of possible effects of interaction of
two nucleons or nucleon and pion. When A de-excites the pion is created.
Particles, which gained enough energy are emitted from the nucleus but those
whose kinetic energy is lower than their separation energy are reflected at the
nuclear surface back into the nucleus. Such simplified picture of intranuclear
reaction is presented in fig.

The first model of this type has been created by Bertini in 1963 |15,
16]. Later, this conception was used also in other codes, e.g. by Yariv in
his ISABEL code [18, 19]. In the 80’s and 90’s, the several versions of INC
model were developed by Cugnon et al. [6-9]. Model of Cugnon was called
Intranuclear Cascade Liége - INCL. Its latest version, utilized in this thesis,
is INCL++5.6 |10].

2.1. Models of the first stage reactions 13
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Projectile
Q—
Impact !
parameter.
v
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Figure 2.1: Schematic explanation of the proceeding of the intranuclear cas-
cade (INC). For details see text.

INCL++ is most advanced among the models which utilize the assump-
tion of the target nucleus as a Fermi gas of free nucleons kept in the nuclear
potential well. It this work it is used both as one of the theoretical models
confronted with the experimental data as well as reliable event generator
used for simulation of response of detection system. Thus, it is described
here in more details as the best example of the family of semi-classical INC
models.

Features of INCL model

The most important assumptions used in INCL-++ model are as follows:

(i) Target nucleus is treated as Fermi gas of protons and neutrons embed-
ded in the potential well;

2.1. Models of the first stage reactions 14
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(ii) Initial positions of nucleons are stochastically selected inside the sphere
of the radius dependent on the mass number A and the selected density
profile;

(iii) Initial momenta of nucleons are as well randomly distributed inside the
Fermi momentum sphere;

(iv) Nucleons move inside the nucleus along straight trajectories until two
of them collide or until one nucleon reaches the nucleus surface, where
it can be transmitted or reflected (shown in figure 2.1)).

(v) Collision takes place when the distance between two nucleons is smaller
than d,,;, which is given by:

Amin < A/ Otot )T (2.1)

where o, is the free space total nucleon-nucleon cross-section;

(vi) Nucleons are divided into participants (these which take part in the
collision) and spectators (not collided). Spectator cannot be emitted,;

(vii) Pauli blocking is checked both during creation of initial phase-space
distribution of nucleons as well as for final state of each collision;

(viii) Relativistic kinematics is used in this model.

Construction of target nucleus

The spatial distribution p(r) of nucleons inside the target nucleus is prepared
according to a Saxon-Woods formula:

p—or— r S Rmaw
p(r) = { LrepC=) (2.2)
0 r> Rmaa}

where Ryaz = Tint + Ro + 8a and 74,y = (0% / w)%. The o'%%; is the the free
space total nucleon-nucleon cross-section.

The Ry and a values are taken from electron scattering measurements for
Al to U target nuclei and parametrized as below.

2.1. Models of the first stage reactions 15
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Ry = (2.7545 % 10 * Ay 4 1.063) A/ ® (2.3)
a=0.51041.63%10"*Ar (2.4)

Ar is the mass number of the target nucleus.

The initial position and momentum of any target nucleon are generated
as follows. First momentum p is taken randomly from a sphere of radius
Pr. Then R(p) corresponding to momentum p is calculated by equation .
After that the position r is randomly selected from the sphere of radius R(p).

3 R(p)
p dm dp(r) 5
<PF) SAT/O dr rar, (2:5)

For more details please, refer to [7].

Potentials

In the INCL++ model both the nuclear as well as the Coulomb potentials
for nucleons and pions are taken into account. Potentials for A particles are
neglected.

Particles of the target nucleus are kept inside a potential well which ap-
proximates the mean nuclear potential. The value of the nuclear potential
for nucleons is dependent on their actual energy. The dependence of the
potential on the isospin of the nucleon is kept as well.

The energy and isospin dependent potential for nucleons is calculated
according to formula

‘ Vi—a(E—-FE,) E<E
VZ(E) — 0 C(( F) =~ L0 (26)
0 E > Ey

In this equation superscript @ stands for proton (i = p) or neutron (i = n).
The parameter « of formula is fixed and equal to 0.23, where energy E
of nucleon of momentum k& can be calculated by:

h2k?

E=Z3r+ Vi(E) (2.7)

2.1. Models of the first stage reactions 16
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The deepness of the potential Vj is calculated from the Koopman’s the-
orem [30]:

Vi =8+ T (2.8)

where the appropriate quantities of separation energies .S; are taken from
experiments [31]. The kinetic energy T% of the particle i (i = p for proton or
= n for neutron) is related to its Fermi momentum k% which is different for
proton and neutron and given by:

(k7)*
2M

Th = (2.9)
where M is the mass of nucleon and & is the reduced Planck constant.
The limiting value of Ey above, at which the nuclear potential for nucleons

vanishes is equal to:

Vi ,
Ey=-"2+T; (2.10)
«
where « is a parameter having value 0.23. The values of the energy inde-
pendent potentials for pions are distinguished according to their third com-
ponent of isospin 73. They are energy independent. Potential for individual
pion types are calculated according to [32]:

V(r,m3) = Vi(13) = Vi (T3) + Ve, forr < R, (2.11)
ZT7'362
Vi(r,m) =Ve(r) = m— for r > R, (2.12)

where Zp is an atomic number for target nucleus, R, is the radius where
potential reduces to Coulomb potential and r is position of particle where
potential is calculated.

When pions propagate inside the sphere of R, they are influenced both
by the average Coulomb potential V¢ and by the nuclear potential Vi (73).
These potentials are calculated, respectively, by the formulas:

— 1.25ZT€2
V = Joq—
© TR,

(e - charge of electron, Ry radius of nucleus )

(2.13)

2.1. Models of the first stage reactions 17
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and

Vi(Ts) = Vy + Vamsé (2.14)

Where £ = (Ny — Z7)/Ar is the charge asymmetry parameter of target
and the values of V) and V} are constant:

Ve = —30.6MeV (2.15)
V= —71.0MeV (2.16)

They were determined by tuning of the model results to the experimental
data.

For the case of r > R, the potential reduces to the average Coulomb
potential which is given by (2.12).

The Coulomb potential is considered as well when projectile enters the
target nucleus and when the charged particles are emitted from it. The tra-
jectories of particles are deflected accordingly to electrical field. The proba-
bility of penetration of Coulomb barier is calculated as well for emission of
charged particles.

The potentials discussed here are inspired from known phenomenology.
Values of theirs parameters are fixed.

Collisions between nucleons

Particles inside the nucleus propagate according to their current momenta.
Their position is calculated for each time step. After each time step also
the distances between particles are checked. If two of them get closer than
minimal distance d their collision can take place. For this aim the following
conditions are checked:

i) whether the distance d between two nucleons is smaller than:

d < \/Oror/T (2.17)

where oy, is the free space total cross-section for colliding nucleons at
their current energies;

ii) whether the total center of mass energy of colliding particles is greater
than 1910 MeV;

iii) whether the phase space is available for collision products.

2.1. Models of the first stage reactions 18
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The above mentioned total cross-section oy, is a sum of partial cross-
sections of the processes included to the model and appropriate for the col-
liding particles and their energies. In the INCL-++ the following possible
reactions are considered:

NN & NN(elasticy NN = NA NA = NA(delta absorption)
AA =2 AA N = A

Listed here are only those processes which are relevant for the nuclear physics
range studied in this thesis. But it general with the use of INCL++ much
more fundamental interactions can be simulated. For example:

NN — NNuw, NN — NAw, NN — NNw + xm
N 2 Nw, wN 2 wN, wN — Nnmw

The probability of the kind of reaction which will be realized by the model
is probed according to the balance of the values of individual cross-sections,
which have to be taken into account for the colliding particles and their
energies.

The angular dependence of the flight directions of the colliding objects is
probed according to the parametrized differential angular cross-sections:

3—; ~ exp(B - t) (2.18)
where B is a parameter and ¢ is the Mandelstam variable dependent on the
center of mass momentum (pZ,,) of colliding particles and the scattering
angle 6:

t=—2-p&y - (1 —cosh) (2.19)

Pauli Blocking

The quantum nature of colliding systems is to some extent taken into ac-
count by introduction of the mechanism of Pauli blocking [7]. It blocks the
interaction if final states of the participants of the collision are occupied.

The strict Pauli blocking is observed always for first collision [9]. The
populated states of colliding particles should lie above the Fermi sea. Oth-
erwise the collision is blocked. For the subsequent collisions the available
phase-space is probed stochastically as described below.

2.1. Models of the first stage reactions 19
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The final state of two colliding objects ¢ and j is given by their positions
(r(3), (7)) and momenta (p(i), p(j).

The probability P that the interaction will not be blocked by limitation
of the available phase space is given by:

=1 =fi)1 =) (2.20)

Where function f;, f; are calculated taking in respect the current occu-
pation of the phase space by fermions of the same type as ¢ and j:

1 I
fi=te 3< S > 0(rp — | — ) Olpps — Ik~ 7)) (221)
SThp 3 Pbp ot

(the same for f;).

The 6 denotes here the Heaviside function and the factor 1/2 is for the
spin. The sum is taken over fermions k of same isospin state as 7 located
inside the sphere of radius rpp and having momenta inside the momentum
sphere of ppg. Thus, in other words, the rpp and ppp denote the sizes of the
test volumes in phase space.

In the same way the f; function is calculated.

The values of rpg and ppp used in INCL++ are optimized by comparison
of the model results with the experimental data. They take the values of 3.18
fm and 200 MeV /c, respectively (cf. [33]).

Cluster creation and emission

In the INCL-++ model for creation of the light charged particles (LCP) the
hypothesis of so called surface coalescence [9] is adopted. According to idea
of Butler and Pearson [34] the composite nuclear particles are composed as
follows:

(i) The nucleon which is at the surface of the nucleus and its energy is
sufficient for its emission is treated as a leading nucleon. It is assumed
that such a leading nucleon can attach nucleons which were placed close
to its path toward the surface. Particles present at the distance D from
surface are considered as a candidates for a cluster members. D is is
defined as follows:

D=Ry+h (2.22)
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(iii)

(iv)

where Ry is the half-density radius of the target nucleus and h is a
parameter. The attached nucleons have to be sufficiently close each to
other in the phase space, i.e.

riy [t — 1pi, [0 — 1) < hg (Ag) fori =2, 3, ..., Ag, (2.23)

The symbols 7y, [i — 1]p;, [i — 1] represents spatial and momentum Ja-
cobian coordinates of the i-th nucleon. The A, is mass number of the
cluster and hg (Ay) is a selected radius of the phase-space sphere de-
limitation assumed for the cluster of the given mass number A,. For
the clusters foreseen in INCL the ho(A.) parameter takes the following
values:

424 fm MeV/c for Ay =2
300 fm MeV/c for A, =3
300 fm MeV /¢ for Ay =4

359 fm MeV/c for Ay > 4

ho(Aa) = (2.24)

Among the possible candidates of clusters with mass number A, for
various composition the one of the largest binding energy is selected for
the emission. For this purpose minimal value of function v is searched
for, where v is defined as:

v= (V5= m:) Au — Ba/Aq (2.25)

Here /s and B, are the total energy of the cluster and its binding
energy, respectively.

Such constructed and selected cluster has to satisfy the emission crite-
rion in respect to its kinetic energy. Kinetic energy of cluster T, has
to be sufficient to allow him to escape from the nucleus, i.e.

Acl
Ty=>» (T;=V;) = By >0, (2.26)

7

where T; and V; are the kinetic energy and potential of the ¢ — th
nucleon, respectively.

The cluster cannot be emitted too tangential to the surface of the
nucleus. It is required that the angle 6 between direction of cluster
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emission and outward radial direction passing through the center of
mass of the cluster fulfills the following condition:

cosf > 0.7 (2.27)

(v) If all the above mentioned tests are successful then cluster is emitted
with the kinetic energy of T,. Otherwise only the leading nucleon is
probed for the emission.

(vi) Emitted clusters of the short life time (< 1ms) are forced to decay
isotropically.

Duration of cascade

The stopping time, tg,, (given in fm/c), of the cascade is determined by
the model itself. It is dependent on the mass of the target nucleus, Ay, and
calculated with the formula:

tstop = 29.8 - AR1O (2.28)

This formula were optimized in the course of development of INCL. Such
calculated duration of cascade assures that the thermal equilibrium in the
remnant of the target nucleus has been attained.

Conservation laws

The following conservation laws are followed in the INCL++ model:

Ap + Ar = Aej + Avenm (2.29)
Zp+ 2y =LZej+ Zx + Zyem (2.30)
Tiap = Kej + Wy + Eree + EX,, 4+ S (2.31)
Py = Poj + P+ Prem (2.32)
O= Lo+ g+ Ly + O (
The meaning of symbols for equations - [2.33] are defined in table 2.1}

The still not defined symbols are as follows: E* . ¢* - excitation energy and

rem?’

intrinsic angular momentum of remnant, respectively. E,.. and S are total
recoil energy and total separation energy of nucleons, respectively.
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Subscript meaning
Symbol meaning Ejectile | Pions | Remnant | Target | Projectile
(ej) | (m) | (rem) | (T)
Mass A A Avern Ar Ap
Charge Z Zej A Lrem Zr Zp
Kinetic energy K.; Tiab
Total energy W,
Momentum P P,; P P, B
Angular Momentum 7 Zej _;r ﬁ_;em ‘

Table 2.1: Symbols meaning for equations -

2.1.2 Quantum Molecular Dynamics (QMD) Models

The so-called Quantum Molecular Dynamics (QMD) is used not only in nu-
clear physics but also in other fields of physics or chemistry. It is applicable
for description of the problems where examined phenomena can be described
as time evolution of n-body quantum system.

In nuclear physics it is used to describe the evolution of the nuclear system
undergoing the collision. It is applicable both to heavy ion collisions as well
to much simpler collision of the proton with nuclei.

Initial ground states of the colliding systems are reproduced with great
care. Each nucleon is described with its wave function. Pauli principle is
observed strictly. The Hamiltonian of the studied system is carefully con-
structed and has components describing the potentials, possible interactions
and the symmetry energy term.

There are many version of QMD models depending on their specific ap-
plication. In this thesis the so-called Ultra relativistic Quantum Molecular
Dynamics (UrQMD) [12] model is used. In following it is described in more
details.

Ultra Relativistic Quantum Molecular Dynamics (UrQMD)

In relativistic application of quantum molecular dynamics model the energy
limits are extended to relativistic energies. This requires the collision term
containing heavy baryon-resonances, strange particles and string-excitation
for high energy hadron-hadron interactions.
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Intialization

Initial positions and momenta of nucleons in the ground state of target
nucleus are sampled iteratively as long as the demanded shape of density
distribution and the required phase space density are obtained. Pauli ex-
clusion principle is checked for the resulting fermion distributions after each
iteration of sampling.

The nucleons of a target (but also the projectile and the produced later
particles) are represented as Gaussian wave packets, ¢ (z;,1):

plaronty = (2) e Lo, —rr + fnie, ) o

In above equation z; is the spacial coordinate of nucleon, r; and p; are
the three-dimensional time dependent space and momentum parameters of
the Gaussian function, respectively, and « is a parameter given in table [2.2]

The wave function of the whole nucleus is defined as a product of wave
functions of all nucleons and given by:

¢: H(pj(mjvriapivt) (235>
J
For the whole target nucleus the following conditions have to be fulfilled:

1. >, 7 =0, ie. it is centered in space around 0.

2. > ,v; =0, i.e nucleus at rest state.

Where r; is position and v; velocity vector of particle i.

3. The binding energies of nuclei should be equal to binding energies given
by the Bethe-Weizsécker formula.

4. The mean radius of nucleus should follow the mass dependence:
R(A) ~ rgAY? (2.36)

where rq is calculated with equation:

7"0:( 5 )1/3 (2.37)

4 po

in which pg is a ground state density.
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5. All nucleons of nucleus should be in ground states

The initial momenta of nucleons are sampled randomly from 0 to maximal
Fermi-momentum pp calculated separately for protons and neutrons:

pr = he (37°p) e (2.38)
where p corresponds to proton or neutron density.

Potentials

Sum of two body and three body Skyrme, Yukawa and Coulomb poten-
tials, are used in the UrQMD model.

The nuclear potentials are parametrized with the effective Skyrme inter-
action.

The two body Skyrme potential of particle j is given by equation:

N 2
2c0\ 2 ;
Skyrme2 in
Rt =030 () e et —n =tgn) @39)

whereas the three body one for particle j, [, k is calculated with the use of
formula:

1L [4a2\?
Skyrme3 __, -~ ==
v g 3 (5%

exp {—ga ((rj = ri)? + (re —10)* + (1 — 7v)Z)}

=t (7 + 1) ()

(2.40)

The values of parameters t;, ¢, and « are given in table The value of ~
is 2. The r; represents position of particles.

The Yukawa, Coulomb and Pauli potentials are given by following equa-
tions:

Vi _ yYuk exp {|r; — Tj’ /vy}
=V
ri — 7]

Y ukawa

(2.41)

ZZ'ZJEQ

Veoutomy = 2.42
Coutomd = 10— (2.42)
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Vil — 0 (—h )3exp il leepll s (2.43)
Pau Pau Poqo 2 q(Q] 2pg TiTj 2040

The values of parameters V' “*, VS  ~y, po and gy are given as well in table
2.2l The symbol o; and 7; represents spin and isospin of particle j of charge
Z

; and e is the electron charge.
Usage of the Pauli potential in the model is optional.

Table 2.2: List of parameter values used in equations of potentials (Skyrme-
type potential, Yukawa, Coulomb and Pauli potential) with and without
Pauli potential

’ Parameter \ Unit H Without Pauli potential With Pauli potential ‘

o fm 2 0.25 0.1152
t MeV fm? —7264.04 —84.5
t, MeéV fm® 87.65 188.2
v 1.676 1.46
vk MeV fm —0.498 —85.1
Yy 1.4 1.0
y Pauli MeV - 98.95
4o fm - 2.16
Po MeV/c — 120

Particle propagation and collisions

Constituents of the colliding system are moving according to the classical
equation of motion. Their positions and momenta are calculated at the user
selected time steps.

Collisions among the particles are probed stochastically (in the similar
way, as in described above INCL++ model). Two particles can collide if
their mutual distance in 3-dimensional space dy.q,s fulfills the relation:

Otot
™

dtroms S

(2.44)

where oy, is the total reaction cross-section interpreted geometrically as
an area. o, depends on the type of colliding particles and their total center
of mass energy /s.
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Cross-sections and reaction channels

Although it is not fully applicable for the energy range and for the reac-
tions studied in this thesis it is worth to mention that in the UrQMD model
production or excitation of 55 baryon species including nucleons, Deltas and
hyperons is considered (see table . Production of 32 different mesons (see
table [2.4) is implemented as well. All their corresponding anti-particles and
all isospin-projected states are taken into account.

For utilisation in the UrQMD model the available nucleon-nucleon or
pion-nucleon cross-sections measured in the vacuum are parametrized. It
is similar as for other described here models of the first step of spallation
reaction. Isospin symmetry is used when possible in order to reduce the
number of parameterized or tabulated individual cross-sections.

Table 2.3: List of particles included in the hadronic cascade

Nucleon Delta Lambda Sigma Xi  Omega
Noss Argzy Aoz Y1192

1317 Q1672

Niggo Ao Aseoo Y1385 Z1530
Nisso A0 Aseao Y1660 1690
Nisss Ao Arroo Y60 Z1820
Nigso Ao Agoo Yurrs Z1950
Niers  Aigos  Aigos Y1790 Z2025
Nigso Ao Agio Y1915
Nizoo Ao Aigao 21940
Nizio Awzo Augso 222030
Nizoo Aigso Moo

Nigoo Aigoo

Niggo As100

Naogo As110

Naigo

Naago

Naaso

Unfortunately the production of composite nuclear particles is not con-
sidered in the UrQMD model.
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Table 2.4: Mesons and meson-resonances included into UrQMD, where
mesons are categorized as J¢. The symbol J, P, C represents total an-
gular momentum, parity, and charge conjugation.

ot 1— ottt 1t 1t— ot+ (1——)* (1——)**

T P a ai by asg P1450 P1700
K K Kj K K& K} K, K
n w Jo Ji hy fo W1420 w1662
n ¢ 0 /i h fs ®1680 ®1900

2.1.3 Boltzmann-Uehling-Uhlenbeck (BUU) models

The classical transport equation developed for gases by Boltzmann was adapted
for quantum systems by Uehling and Uhlenbeck [35]. First time this theory
was used for description of nuclear collisions by Bertsch in 1984 [36]. The
Boltzmann-Uehling—Uhlenbeck (BUU) equation with a self-consistent poten-
tial field and with a collision term that respects the Pauli principle is meant
in this respect.

The Giessen Boltzmann—Uehling-Uhlenbeck (GiBUU) transport model
[11], which grew out of these early studies is a method and simulation code for
hadron-, photon-, electron-, neutrino-, and heavy-ion-induced reactions on
nuclei. It is based on a coupled set of semi-classical kinetic equations, which
describe the dynamics of a hadronic system explicitly in phase space and in
time. The initial state of the hadronic system, either directly corresponds
to the experimental conditions (meson—nucleus, hadron—nucleus, and heavy-
ion collisions) or is obtained via external models (photon—, electron—, and
neutrino—nucleus reactions). The relevant degrees of freedom are mesons
and baryons, which propagate in the mean fields and scatter according to
cross-sections, which are appropriate for the energy range from a few tens
of MeV to more than 100 GeV. In the higher energy regimes the concept
of pre-hadronic interactions is implemented in order to account for color
transparency and formation-time effects.

In general the BUU equation describes the space-time evolution of a
many-particle system under the influence of mean-field potentials and a col-
lision term. More precisely, it is the time evolution of the Wigner transform
of the real-time one-particle Green’s function, which is a generalization of
the classical phase—space distribution f;(7, p,t).

For each particle species (counted with the index i) an additional dif-
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ferential equation is obtained. All these equations are coupled through the
gain and loss terms, which represent scattering processes. Collisions undergo
according to the differential cross-section 3—;’2 and the relative velocity of col-
liding particles ¢, j: v;;. The mean fields and collision terms are included in

the Hamilton functions. The BUU transport equation is written as follows:

af 4 do
= 0 i = U - Upfi = — (276 /d3pjd3pj’de_QUij

ot
X [flf](l — f)(1 = fj’) - fi/fj/<1 — fi)(1 - fj)}
x(2m)°6% (i + p; —py —py)  (2.45)

The left side of the above formula describes the propagation of particle ¢ of
the velocity v; in the mean nuclear field U. The collision term for the tested
particles is on the right side of the equation. The term in square parentheses
assure the Fermi-Dirac statistics for fermions. It blocks the interaction when
final state conditions do not fulfill the Pauli exclusion principle. The Dirac’s
delta imposes the momentum conservation.

BUU equation is solved with the use of Monte Carlo technique by simu-
lations of motion of involved particles [37].

Interesting technical feature of the BUU calculations is the way of simula-
tions of the fate of the nuclear system. The real particles are approximated by
the test particles. Each of reaction constituent is replaced by n test particles.
Number n has to be of the order of 1000.

For creation of the phase space distributions or for calculation of the
probabilities of the individual interactions the contributions from all test
particles are summed up with appropriate weights.

In the GiBUU version of BUU method the time dependent evolution of
the nuclear mean field has a form developed in [38]. The Skyrme potential
(first two components of the equation below) is supplemented by a Yukawa
term and the Coulomb potential (Vo ):

—

U(f) = A (@) + B <@> + %/d3F DT 4 Vs
Po Po w7 —r'|
(2.46)

Coefficients A and B represent the attractive and repulsive part of the
potential whereas the py and p are ground state and current nuclear densities,
respectively.
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The selected parameters are as follows: A = -141.62 MeV, B = 165.23
MeV, Vy = -378 MeV, p = 2.175 fm~!, py = 0.168 fm 3.

Depending on the energy range of simulated reaction the relativistic or
non-relativistic forms of mean-field potentials are foreseen.

In the GiBUU the initial spatial distribution of target nucleons has a
shape of Woods-Saxon distribution:

_ Po
pr) = 7 = (2.47)

with po = 0.168 fm =3, R = 1.124 AY/3 fm and a = 0.025 A'/3 + 0.29 fm.

The initial momentum distribution of target nucleons is dependent on the
spatial density distribution. It must be isotropic and homogeneous within
the maximal Fermi momentum sphere of the radius pg(r):

pr(r) = <w>l/3 : (2.48)

During simulation of the collision the particles move along straight lines
according to their current momentum and field strength. The classical equa-
tions of motion are used for this purpose.

Interactions are probed if the shortest distance of two particles is smaller
than that determined from the geometrical cross-section \/oy./m. Produc-
tion and decay of nuclear resonances are included.

2.2 Problem of emission of complex particles

Mechanisms responsible for creation of composite nuclear products during
first step of proton-nucleus or nucleus-nucleus collision are in fact not known.
Various hypotheses are proposed and tested in this respect (see e.g. [39-44]).

It is commonly assumed that the source of light composite particles in
the low and middle energy pA reactions is a coalescence mechanism.

Clusters could be created dynamically via surface coalescence still during
the intranuclear cascade, as it is proposed in INCL+-+ model (c.f. chapter
2.1.1). In this way the dynamical construction of the composite particles
of the masses A < 8 is possible [9]. The emission energies and momenta
result from the energies and momenta of composing nucleons. Their bind-
ing energies and the relevant height of the Coulomb barrier are taken into
account.
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Unfortunately, both the GiBUU as well as the UrQMD models do not
contain up to now the mechanisms permitting the simulation of creation and
emission of nuclear clusters. Traditionally, in kinetic transport models, the
formation of stable clusters is tried to be described by their coalescence but in
the final states - it means after single nucleons were emitted from the target
nucleus. The so-called afterburner methods are used. The conditions for the
mutual distances in phase space of emitted nucleons are applied. In heavy-ion
collision the coalescence is applied after so-called freeze-out moment [45-48].

Such methods however do not contribute to the dynamics of the first step
of spallation reaction and are not considered in this thesis.

Promising and more theoretically advanced approaches are under devel-
opment for the other version of QMD called PHQMD [49] and SMASH [50]
models.

The origin of composite nuclear particles is also intensively studied and
discussed in heavy ion collisions at very high energies. For the recent results
see e.g. |51}, 52].

2.3 Models describing the emission from equi-
librated remnant

2.3.1 Generalized Evaporation Model - GEM2

The Generalized Evaporation Model (GEM2) model was developed by S. Fu-
rihata [23, 24]. It uses the statistical description of the excited remnant nu-
cleus of first stage of reaction. The de-excitation of residual parent nuclei ¢
of mass A;, charge number Z; and excited to energy E; is performed using
the evaporation processes.

The Weisskopf-Ewing formula provides the probability P; for the
emission of particle j at kinetic energy between (g, e + de) in center of mass
system [53], 54]:

pa(E; — Q —€)
pi(EY)

In the above equation the 0;,, is inverse reaction cross-section. p; and py

are parent and daughter nuclei level densities expressed in MeV~!. The sym-

bols S; and m; denote the spin and mass of emitted particle j, respectively.
The g; is equal to 2(S; + 1) - m;/m*h?.

Pi(€) = g;Tinv(€)

ede | (2.49)
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After emission of particle j of mass A; and charge Z; the remaining
nucleus becomes the daughter nucleus d with mass A; and charge Z;.
The inverse reaction cross-section is calculated according to:

2(L+D fi t
Ginele) = o,0(1 + é) _ Joge (140b/e) for neutrons | (2.50)
£ o4¢i(14+V/e) for charged particles

where:
04 - geometric cross-section;
Cn, Ci, b - parameters (cf. |23} 24]);
V' - height of the Coulomb barrier.

The decay width I'; is calculated with the use of equation:

E-Q
()
=== ell1+=)ps(E—Q—e¢)de 2.51
i) b :)rl ) 220
obtained by integrating of equation and with the use of equation

2.501
In the GEM2 Monte Carlo simulation, type of emitted particle j is se-
lected according to the probability p; calculated as:

pi=T3/> Tk (2.52)

where T'; is given by equation and summation is performed over all
possible decay channels k.

Model GEM2 calculates the emission of 66 various nuclides which fulfill
the following criteria:

e atomic number Z < 12;
e exists naturally or it is isotope close to the stability line;

e half-life is larger than 1 ms.

The list of isotopes considered as emission particles in GEM2 model is
given in table [2.5]

In the GEM2 model the excited nuclei of the atomic number Z; > 70
are probed for fission. The fission competes with neutron emission. The
approach of Atchison [55] is used for calculation of fission probability.

The details of GEM2 model are available in [23] 24].

2.3. Models describing the emission from equilibrated remnant 32



Chapter 2. Contemporary theoretical models for spallation reactions

Table 2.5: The table of nuclides which satisfy the emission criteria in the
GEM2 model.

Isotopes ‘

p d t

SHe “4He SHe

°Li Li 8Li ILi

‘Be Be YBe !’Be

SB 1OB 11B 12B 13B

1OC 11C 120 1SC 14C 150 1ﬁc
12N 13N 14N 15N 16N 17N

140 150 160 170 180 190 200
17F 18F 19F 20F 21F

18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne
11 || 2!Na  ?2Na Na *Na ?Na

12 22Mg 23Mg 241\/[g QSMg 26Mg 271\/[g 281\/[g

S ©oow-ao ok wn e~ ofN
-
vs)
[©)

2.3.2 Model GEMINI

GEMINTI is a statistical model developed first in 1986 by R. Charity |21
22| to describe complex fragment emission in fusion reaction. In the current
version it is a multipurpose model allowing as well the simulation of symmet-
ric fission, the evaporation of light charge particles and many binary decay
modes.

The compound nuclei being the results of the various decay modes in
the disintegration chain of the parent nucleus are sampled for subsequent
decays as long as the probability for v-decay become dominant or until the
remaining excitation energy is insufficient for any another decay mode.

Sequential evaporation

For simulation of the sequential evaporation from excited compound nucleus
the excitation energy of parent nucleus, angular momenta of nucleons, rota-
tion energy and deformation of the parent nucleus are taken into account.
The decay widths I' for different modes are calculated. Depending on the
charge of emitted particles various formalisms are used for this aim. For Z <
4 the Hauser-Feshbach approach is is utilized |56]. For Z > 4 the formalism
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developed by Moretto [57] is applied. In the Hauser-Feshbach method the
angular momenta of the initial and final states are taken into account.

For example, in case of evaporation of particle i of the Z < 2 from the
compound nucleus excited to energy £* and having spin Soy the decay width
is calculated according to formula:

[e%) Sen+S4 J+S;

1
PHF _ / T pa (B — B —
’ 2mpen (E*, Sen) de Z Z Z 1(€)pa ( €,5q)

Sq4=0 J=|Scn—>Sq| I=|J—S;|
(2.53)

where ¢, J, S;, are orbital, total and spin momenta of evaporated particle,
respectively. Sy is the spin of the daughter nucleus. € and B; are kinetic and
separation energies of evaporated particles, respectively. The symbols pg and
pcn represent the level densities of daughter and parent compound nuclei,
respectively. Tj(¢) is the transmission coefficient.

The demanded level densities are calculated in the framework of the Fermi
gas model:

R1%? \Ja exp(2v/al)
pUT) = (24 || LEEHEE)
In the above formula the £ is the moment of inertia of daughter nucleus,
a is level density parameter equal to A/8.5 MeV ™! and U is the thermal
excitation energy.

The angular distributions of the evaporated particles are sampled accord-
ing to the absolute values of the Legendre functions:

N
ol | P/ (cos )| (2.55)

(2.54)

Fission and complex fragment emission

For these decay modes the Bohr-Wheeler transition-state decay width for
symmetric fission is calculated:

1
-~ 2mpen (E*, Scn)

where p,, and By(Scn) are the level-density and spin-dependent energy
at saddle-point, respectively, and ¢ is the kinetic energy of fragment.

FBW /psp (E* — Bf (SCN) — 5) de (256)
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Gamma-ray emission

For very low excitation energies, the partial decay widths for particle and ~
decay are comparable. Thus, for such low excitation range it is important to
include the gamma-ray emission as well.

The Blatt and Weisskopf equation is used for this purpose, which provides
the value of the v decay width for multipolarity I:

oo 181+l (R 2 SCN“ / o(E*—,5)
" TN+ 3)2[(20 + 1)1)2 he \ Ac DO o(Ex, Sy)

sa=|Scn
(2.57)

Where R = 1.2AY3fm | Dy is 1 MeV, ¢ is the gamma-ray energy and Fj
is deviation from the Weisskopf estimates. The values of F; = 0.0025 and
F, = 9.0 are taken from the ref |5§].

The GEMINI model is used for various types of nuclear reactions. The
specific applications and details of applied mathematical methods are avail-
able in [22].

2.3.3 Statistical Multi-fragmentation Model - SMM

The SMM model of Bondorf et al. |25] is rather a framework composed of
more specific models relevant to simulation of the fate of the excited system
according to its current conditions.

In the SMM the purely statistical treatment of the excited system is used.
The thermodynamical formalism is applied with consideration of microcanon-
ical, canonical and macrocanonical statistical ensembles. Their temperature,
entropy and free energy are taken into account.

The specific channel j of nucleus de-excitation is selected according to its
probability W, calculated as an exponent of its entropy S;:

W; o exp(S;) (2.58)

Entropy S; depends on the number of fragments, excitation energy, mass,
charge and freeze-out volume of the system. The decaying system attains
the freeze-out volume when the nuclear forces between its constituents can
be neglected and only electromagnetic interaction needs to be taken into
account.
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SMM model works in broad range of excitation energies £* of the excited
nuclei. The mode of their disintegration depends on the actual value of E*
or the system temperature.

At low temperatures where (E* < 5 MeV /nucleon) the decay scheme
is similar like in the case of evaporation - single large remnant and a few
fragments of low masses are foreseen.

With increase of excitation energy the momentary thermal equilibrium
of the system after the cluster emission could be not attained. Thus, the
sequential evaporation becomes less probable and more violent processes are
feasible. The excited system can break-up simultaneously into a few heavier
fragments, which is referred as mulifragmentation.

The onset of mulifragmentation is predicted when the excitation energy
E* of the system attains ~ 5 MeV /nucleon. It is characterized by the ob-
servation of a few intermediate mass fragments which are accompanied with
more fragments of the low masses.

Further increase of the temperature results in increase of the number of
fragments and decrease of their average masses.

At still higher excitation energies exceeding 10 - 15 MeV /nucleon the
vaporization process is foreseen. It consists of simultaneous disintegration of
the excited nucleus into nucleons and lightest nuclear clusters.

For heavy nuclei the competing process like the fission is also considered.
The fate of the decay products in SMM model is controlled as well. If they are
themselves excited compound nuclei their further disintegration is simulated.

For the detailed descriptions of implemented codes in the framework of
SMM model and information about the parameters see |25, 59, [60].

2.3.4 Model ABLAO7

In the ABLAO7 model the sequential evaporation processes, the simultaneous
breakup, and the fission processes are considered for the disintegration of the
excited and thermalized nuclear system. The parameter, which governs the
selection of the decay mechanism is the excitation energy E’. . per nucleon
of the residual nucleus of mass A,.,, marked as ¢,:

Eres = B/ Ares (2.59)

For excitation energy such that .., < 4.2 MeV /nucleon (the so-called
€ freezeout) the nucleus evaporates the light particles or undergoes the fission.
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Otherwise, the simultaneous break-up is simulated.

The Weisskopf-Ewing formalism, which as in other models is used for
calculation of probability of particle evaporation (cf. GEM2 model in sub-
section2.3.1]), in ABLAO7 model is extended by taking into consideration the
angular momenta of the involved particles during the evaporation. It is done
by random sampling (from Gaussian distribution) of the change of angular
momentum when evaporation takes place.

Similarly as in GEM2 model the height of Coulomb barrier and the level
densities are calculated. But in ABLAO7 additionally the thermal expansion
of the excited nucleus is taken into account.

For excited nuclei of high masses the probability of fission is calculated
as it is described in [20)].

For the breakup process occurring when e,es > €freeseout (4.2 MeV /nu-
cleon) it is assumed that the excitation energy excess over the €frcezeout 18
used to produce the light fragments. From experimental parametrization the
energy needed for emission of a 1 mass unit is known. From this fact the mass
of the remaining heaviest fragment can be calculated. It is also assumed that
the heaviest fragment has the same A/Z ratio as the parent nucleus. In this
way the heaviest fragment is established. The rest of the mass is distributed
according to the formula:

do
dALr

where App is the mass number of fragments lighter than the heaviest one
and the exponent 7 is ~ 2.

The charges of the lighter fragments Z r are sampled from the Gaussian
distribution of the mean value calculated according to the assumption of A/Z
conservation and standard deviation of the fixed value calculated as:

x A7T (2.60)

5.5MeV
2
= 2 0.3929 2.61
72 T 140MeV (2.61)

The method of calculation of kinetic energies of fragments depends on
the ability of the system to attain the thermal equilibrium before the dis-
integration. If the breakup occurs too fast (below 100 fm/c) the momenta
of the decay products reflect the Fermi motion of nucleons in the decaying
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system. Then the distribution of momenta of fragments is sampled using the
Fermi-gas model. For the long-timescale process sufficient for thermalization
of the system before its disintegration the thermal motion of fragments inside
the breakup volume have to be considered.

The composite fragments of the breakup of the masses greater than A =
4 are checked for their excitation energy and could be probed for the further
decay.

The details of the ABLA07 model are available in ref. [20].
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Chapter 3

Mechanisms of proton-nuclear
target interaction - studies with

HADES spectrometer

In the present and in the following chapters the mechanisms of the production
of fast particles emitted anisotropically in the laboratory reference frame
will be discussed. According to the hypothesis that the reaction proceeds in
two steps these particles are produced in the initial phase of the collision.
Their distributions reflect the dynamics of the intranuclear cascade and the
mechanisms acting in this reaction stage.

For this aim the reaction of the p + %*Nb at 3.5 GeV proton beam en-
ergy has been studied in details. The raw data collected by the HADES
Collaboration [61-67] in GSI Darmstadt have been used.

In the following the HADES detection system is presented. Also the
methods used for data selection, particle identification and normalization of
the resulting distributions are described.

The HADES detection system has been upgraded a few times in the last
two decades. In this thesis the description of the experimental apparatus is
given as it was in year 2008 when the data used here were collected. More-
over, the presentation of the apparatus will be restricted only to these parts
of detection system which were utilized for registration of the particles of in-
terest of the current study, namely charged pions and isotopes of hydrogen.
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3.1 Description of experiment

The High Acceptance Dielectron Spectrometer HADES is installed in Heavy
Tons Research Laboratory (GSI) Darmstadt, Germany. It was constructed in
order to perform the research with proton and heavy ion beams. Later also
the pion beams have been used. The beams collide with the fixed targets,
which can be the solid material or the liquid. The HADES detection system
permits for registration of dileptons, mesons and barions and creation of their
energy and angular distributions.
The general view of the HADES apparatus is shown in fig.

Tofino/Shower

Figure 3.1: The schematic diagram showing HADES detector system. The
subsystems - RICH, MDC, TOF /Tofino, Shower are composed of 6 construc-
tionally equivalent sectors placed symmetrically around the beam axis. Such
solution permits the full coverage (360°) of the azimuthal angle. The accep-
tance in the polar angle is assured for 18° < 6§ < 85°.

In the HADES experiment the stationary targets are used. This fact
creates the need to extend the detection apparatus towards forward emission
angles in the laboratory reference frame. HADES detection system has full
symmetry along the azimuthal detection angle.
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Figure 3.2: The cross-section of the HADES apparatus used for measurement
of p+ Nb reaction at 3.5 GeV. The most important detection subsystems for
registration of 7, 77, p, d, and ¢, are the Multiwire Drift Chambers (MDC)
and TOF /Tofino scintillating walls. MDC are the tracking detectors. They
provide also the information about the specific energy losses of particles.
Scintillators measure as well the energy losses but they work also as triggering
detectors. The momenta of particles are measured with the use of magnetic
field of a superconducting magnet. The toroidal magnet is installed between
the pairs of MDCs.

The target system is embedded by the construction of the Ring Imaging
Cherenkov detector (RICH) used for detection of leptons. For registration
of charged hadronic reaction products the set of Multiwire Drift Chambers
(MDC) and the scintillating walls called TOF and Tofino are utilized. Elec-
tromagnetic calorimetry is performed by the electromagnetic shower detector
installed at the end of detection system. Each of the detection subsystem
is composed of 6 equivalent sectors placed symmetrically in respect to the
beam axis.

In the HADES experiment the registration and identification of =+, 7,
p, d, and t created in the target is performed by the set of Multiwire Drift
Chambers (MDC) and the TOF /Tofino scintillating walls. The momenta of
particles are analyzed by magnetic field created by toroidal superconducting
magnet. The cross-section of HADES apparatus used for measurement of
p + Nb reaction at 3.5 GeV is shown in fig. 3.2
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3.1.1 Target

The solid target of > Nb has been used. It consisted of 12 segments installed
coaxially along the beam axis. The diameter of each segment was equal to
2.5 mm and its thickness was of 0.45 mm. The distances between segments
were equal to 4.5 mm. Such construction of target was optimized in order
to enhance the total luminosity for the dilepton studies. The positioning of
the target in regard to the detection system allowed as well to register the
primary spallation products created in each of segments of the target. Fig.
shows the distributions of the reconstructed vertices of the charged pions
and H isotopes originated in the p + Nb run. The continuous distribution
of vertices covering actual target position between -60 and 0 mm is visible.
Due to limited precision of position measurements and tracking the individual
target sectors cannot be resolved.
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Figure 3.3: Distribution of track vertices of reconstructed primary charged
pion and H isotopes emitted during experiment in which 3.5 GeV protons
bombarded Nb target. Distribution covers the range of the segmented target
position along the beam axis. Contributions from individual segments of
target are not resolved.
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3.1.2 Multiwire Drift Chamber

The tracking system of HADES is constructed from 24-trapezoidal Multiwire
Drift Chambers (MDC). They are arranged symmetrically in ¢ angle around
the beam axis. Each individual detection sector consists of 4 modules - two
of them are installed at front of the toroidal superconducting magnet and
two of them behind the magnet. The sizes of the modules increase when
proceeding to the forward direction.

The individual drift chamber (one module) is constructed of six layers.
The angular orientation of the sense (anode) wires of each layer is different.
The sensing wires are soldered at +40°, -20°, +0°, -0°, +20° and -40° with
respect to direction perpendicular to the beam axis. It is shown in fig. [3.4]
The sense wires are made of tungsten which is plated with gold. For MDC

6(-40°) up
4(-0°) ’_\
(-20°)
0—\

left right

L 5(+20°)
3(+0°)

down ‘“—1(+40°)

Figure 3.4: Schematic view of the sequence of six layers of each module of
drift chamber and the angular orientation of the sensing wires of each layer.

[-1IT the thickness of anode wires is 20 um whereas for the last - IV MDC
the anode wire diameter is 30 pm. Constant mechanical wire tension of 40
cN and 50 cN, respectively, is used.

The cathode wires are made of 80 - 110 pwm annealed aluminum (bare -
MDC I-1T or gold plated - MDC IV). The exact diameter of cathode wires
increases with the size of chamber. The same concerns the mechanical tension
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of cathode wires which varies between 150 c¢N and 180 cN.

The entrance windows of MDCs are made from 12pm aluminized Mylar
foils.

Chambers were filled with helium-isobutane gas mixture in the proportion
of 60:40. They work at atmospheric pressure.

Position resolution of MDC system is < 100 pum in polar angle direction
and < 200 pum in azimuthal angle direction. This permits the precise tracking
and momentum reconstruction with the resolution of of ép/p = 4%.

The effective thickness of the whole set of MDC modules is of 0.5% of
the radiation length. Despite of such small thickness the MDCs are able to
provide precise information about particle’s energy losses. The resolution
of the measured energy loss per path length, dE/dz, is of 7%. The value
of energy loss is measured by means of Time over Threshold of the detector
signal [68]. The distributions of d£'/dz vs. momentum are crucial for particle
identification by means of their specific energy losses.

3.1.3 Superconducting Magnets

The HADES detector comprises 6 coils of superconducting magnets surround-
ing the beam axis - one coil per one sector. The coils are kept in the individual
vacuum chambers. Each coil can generate the maximum field of 3.6 T. The
magnetic filed of each sector was mapped with the use of a Hall probe and a
devoted optical positioning system.

3.1.4 TOF /Tofino

The TOF and Tofino detectors despite of their names were not used for
Time-of-Flight measurement. In the measurement of the p+ Nb reaction the
START detector installed in vicinity of the target could not be operated. For
this reason the TOF and Tofino scintillating walls were utilized as a trigger
and energy detectors. Since they are able to provide quite precise information
about energy losses of registered particles this advantage has been utilized
in this work in order to enhance the effectiveness of particle identification.
The TOF scintilating wall covers the 6 angular range from 44° to 85°.
Each sector comprises 8 modules of TOF detector. Each such detector con-
sists of 8 strips of plastic scintillator. The thickness of the strips depends on
their angular position and varies between 20 and 30 mm. The time resolution
of TOF scintillators is equal to 150 ps. Their position resolution is equal to
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3 cm. This results in the excellent dE/dx resolution of the TOF detector of
4%.

The Tofino scintillating plastic paddles cover the gap between 18° and
45° of # angle. There are only 4 individual detectors per one sector. Signals
of these detectors are readout only at one side of the paddle. This results in
the worse timing and energy resolution of Tofino walls than in case of TOF
detector. They are equal to 420 ps and 8% respectively. The double hit
resolution of Tofino is worse than this of TOF as well.

3.1.5 Triggering

Data Acquisition System (DAQ) in HADES experiment records the data in
the event-by-event regime. During the collection of the data from p + Nb
reaction at 3.5 GeV the two independent sequences of signals triggered the

(DAQ).

e The first trigger aimed in selection of hadronic reaction products. It
required a signals of at least 3 charged particles were registered in TOF
and /or TOFino detectors.

e The second trigger was constructed for identification of dileptons. The
triggering condition were fulfilled if two electron signatures have been

identified in the RICH detector.

Only the first trigger was sensitive for signals from charged pions and H
isotopes. Thus, only this trigger condition is important for the goal of the
present experiment. In the following always the first type of trigger is meant
when the term "trigger" is recalled.

3.1.6 Software tools for tracking and simulation of de-
tector response

The acceptance of the total and each of the sub-detection systems is simulated
by the HGeant [69] which is a based on GEANTS3 |70] simulation package from
CERN. The full geometry, correct material budget and an accurate magnetic
field map are included. Emulation of signal digitization is implemented as
well.
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The simulation of response of of the detection system including the trig-
ger conditions, the tracking algorithms, energy losses, efficiencies and de-
manded calibrations is provided by the HYDRA framework (Hades sYstem
for Data Reduction and Analysis) [71], based entirely on the C+-+ class
package ROOT |[72].

The initialization of the apparatus geometry and setting of the calibration
parameters are possible from an Oracle database and /or from the ROOT files.

The tracking algorithms of HADES take into account the mapped mag-
netic field of toroidal magnet. The reconstruction of the particle trajectories
in the tracking system of HADES is accomplished in several steps as described
below:

1. The tracking algorithm demands hits in the MDC cells located in two
inner modules and in two outer ones. The centers of the cells create
a four points in the space. Out of them the two track segments for
inner and outer MDC modules are created. It is checked if they can

be matched together within one detection sector at the so called "kick
plane" as shown in figure [3.5

2. For all tracks the outer track segments must match with relevant hit
positions in the TOF or Tofino and the Pre-Shower detectors.

3. For identification of tracks created by electrons (not applicable in this
work) the inner track segments are matched also with rings in the RICH
detector.

4. For such track candidate the precise hit positions within the MDC
cells are calculated with the use of drift time information and careful
calibrations of position-drift time dependence.

5. The precise 3D fitting of the predefined functions describing the particle
trajectory (partially in magnetic field) is applied.

The particle momenta are determined from the bending of their trajecto-
ries inside the magnetic field. Various algorithms are utilized in this respect
("kick MDC", splin line, Runge-Kutta - for details see section 4.3 in ref |73]).

The Ring Imaging Cherenkov (RICH) detectors and the Pre-shower de-
tectors shown in fig. have not been used for the current studies, thus
their description is avoided in this thesis. The reader interested in these
subsystems is asked to refer to [73].
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Figure 3.5: Schematic view of track reconstruction using MDC detectors.
Only one layer of the MDC detector is shown to simplify the diagram.

3.2 Methodology of data analysis

For the examinations of mechanisms acting during the nuclear spallation and
for the developments of accurate theoretical models the precise and possibly
most exclusive observables are needed. The simple observables like particle
multiplicity or the total production cross-section are less sensitive for details
of interplaying mechanisms than e.g. the angular or energy distributions of
the reaction products or their coincidences.

Of course, the most demanded would be the experiment allowing for
complete registration of all reaction products in 47 geometry and in the
whole kinematic range. Unfortunately such experiments are not planned.
Thus, taking advantage of the broad acceptance of HADES apparatus and of
its magnetic spectrometer it was decided that the double differential cross-
sections (d*0/dQdE) will be derived as a first portion of spallation data
delivered by HADES experiment.

Three significant difficulties have been encountered when the selection
and particle identification (PID) of primary spallation products from p+ Nb
run at 3.5 GeV reaction have been performed.

1. At least 3 charged particles are demanded in the TOF /Tofino walls
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in order to fulfill the trigger condition. This fact implicated that the
purely single distribution spectra were not registered.

. The origin of triggering particles was disregarded by the trigger system.

It means that both the reaction products originating from the target as
well as the secondary particles created in the parts of apparatus could
contribute to the trigger.

. Due to missing START detector the Time of Flight (TOF') measure-

ment could not be done. Thus, the PID based on the  value of particles
was significantly reduced. To some extent the particle TOF' could be
estimated by comparison to the timing information of the identified
fastest particles contributing to the trigger. But as long as the single
distribution of reaction products are of interest the coincidences with
other particles have to be disregarded. In the present analysis the re-
constructed TOF values were used only for preselection of data. The
lack of actual TOF information significantly reduced the identification
energy ranges for 71, d and t.

Such problems are not present during identification of leptonic or hadronic

products produced with much smaller cross-sections which are of main inter-
est of the HADES Collaboration.

3.2.1 Particle identification

As mentioned above the identification technique used in this thesis utilizes the
momentum dependency of the specific energy loss per particle path length in
the detector, dF/dx. However, only for the initial - most general definition
of identification cuts the mass dependence (calculated from reconstructed
TOF) on momentum were utilized.

The scheme of PID was as follows:

1. The mass distribution of the registered particles was calculated know-

ing theirs reconstructed TOF. The results in the function of particle
momentum is shown in figure 3.6 - left panel.

. The mass vs. momentum distributions is projected onto mass axis

and initial slots of mass cuts are defined. The results are shown in
figure [3.6] - right panel.

3.2.

Methodology of data analysis 48



Chapter 3. Mechanisms of proton-nuclear target interaction - studies with

HADES spectrometer

10°

1

3000 3500 4000
Momentum (MeV/c)

Counts

10° A

10t /}T / d

10%

N,

0 500 1000 1500 2000 2500 3000 3500 4000
Mass (MeV/c?)

Figure 3.6: Left panel: the mass vs. momentum distribution of registered
particles. The mass is calculated from the reconstructed TOF value. Right
panel: projection of distribution of left panel onto mass axis.)
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momentum distributions for protons
registered in MDC. The distribution is created with the use of predefined
mass cuts (see above). Distribution is divided into bins of the 25 MeV/c
width. Slot for 725 - 750 MeV /c is marked with the red color vertical strip.
Right panel: The projection of proton distribution of 725 - 750 MeV /¢ mo-
mentum bin onto the dF/dx axis. The superimposed distribution given in
red color is the asymmetric Gaussian function (cf. formula .
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Figure 3.8: The scatter plot of dE/dx vs. momentum for p, d, t and 7+
registered in MDC. The identification cuts of three widths (described above)

are superimposed.

3. Such defined mass cuts are used for creation of dF /dx vs. momentum
distributions for p, d, t, 7+ registered in MDC. The example of such
scatter plot for protons is presented in fig. [3.7] - left panel.

4. The dE/dx vs. momentum distributions are divided into 25 MeV /c
momentum bins as indicated in fig. [3.7] - left panel.

5. Part of distribution comprised in each 25 MeV/c momentum bin is
projected onto the dE/dz axis (cf. fig. - right panel where the
example for protons of the momenta 725 - 750 MeV /c is given).

6. Asymmetric Gaussian function of formula [3.1] is fitted for resulting
distribution of every 25 MeV /¢ momentum bin. Example of fitted
function for protons of the momenta between 725- and 750 MeV/c
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is superimposed on the particle distribution in fig. - right panel.
Formula for asymmetric Gaussian function:
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Figure 3.9: The same as in fig. but for TOF detector.

7. The p and o of the asymmetric Gaussian fit are used to determine the
various width of the MDC cuts. The widths of cuts are given by calcu-
lated values of [ — oy x m, u+ 0, x m| where m takes values of 0.6, 0.8,
1.0, 1.2 and 1.5. The examples of MDC dFE/dz vs. momentum distri-
bution of p, d, t, 7™ with superimposed MDC cuts of three different
widths are shown in fig. Using of various cut widths is needed in
order to estimate the systematic uncertainty of the PID method. This
point will be recalled when the systematic error components will be
discussed (see chapter [3.2.4).

3.2.  Methodology of data analysis 51



Chapter 3. Mechanisms of proton-nuclear target interaction - studies with
HADES spectrometer

dE/dx TOFino [MeV cm?g]

dE/dx TOFino [MeV cm?g]

In this three-level approach (after demanded smoothing) the most precise
2D identification cuts for dF/dx - momentum distributions are defined. Fi-
nally they are applied for the raw data distributions (disregarding the initial
cuts on the mass distribution) in order to identify the reaction products of
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Figure 3.10: The same as in fig. but for TOFino detector.

detectors.

. The particle distributions selected with the use of MDC cuts are fur-
ther used to create the dE/dx vs. momentum distributions and the
identification cuts but for reaction products registered in TOF /Tofino
For this aim the points 3 - 7 of the analysis scheme are
repeated. Multiplication factors m for TOF /Tofino cuts are equal to
0.6, 0.8, 1.0, 1.2, 1.5 and 1.8. These spectra are used for derivation
of both the distributions containing the "signal" of the searched for
cross-section as well as for identification of the background component.
Examples of the dE/dx vs. momentum distributions for TOF and

Tofino detectors are shown in fig. and fig. [3.10]

interest unbiased with the reconstructed TOF value.
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The separation of negatively charged pions from other reaction products
is provided by their opposite deflections in the magnetic field. For them the
definition of identification cuts is not needed. The contamination of the 7~
spectra with the K~ is insignificant and for this reason neglected in this
analysis.

3.2.2 Signal and background identification

In the current work the emphasis is put on the kinetic energy and an-
gular dependence of the production cross-section. (For now on when the
term "energy" is used always the kinetic energy of the emitted particle is
meant). In order to study the angular dependence of cross-section the dF /dx
- momentum distribution of particles detected in TOF /Tofino detectors are
prepared for the selected emission angles between 20° and 85°. The identifi-
cation 2D cuts of different widths as defined above are applied. The example
of identification cuts of three different width u + o; x m where m is multipli-
cation factor equal to 0.6, 0.8, and 1.0 for deuterons detected at the emission
angle of 18° - 45° is shown in fig.

The resulting distributions (which should contain mainly identified reaction
products) are bin-by-bin projected onto dF/dx axis. The momentum bin is
equal to 25 MeV/c.

In effect the one dimensional distributions of energy losses in TOF or
Tofino detectors are obtained. They comprise the component of the searched
for particle superimposed on the background formed by the misidentified
particles of the lower or higher mass. Fig. presents examples of such
distributions for p, d, t and 7 registered at 6 = (65 4+ 1.5)° and for various
momentum bins. They are done as well for selected widths of identification
cuts.

It is well visible that the particle identification scheme described above has
limited strength. The selected distributions of reaction products of interest
are still superimposed on the distributions of misidentified particles, which
form the background.

In order to calculate both the signal and background components of the
distributions the fitting of the appropriate functions is performed.

The functions which approximate the shapes both of the signals as well
as the background distributions in principle should be the Landau functions.
Landau function describes the best the distributions of energy losses in solids
and in the gasses due to individual interactions of charged particles with
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Figure 3.11: Example of the identification cuts applied for selection of
deuterons detected at 6 laboratory angle of 18° - 45°. Three different width
1+ o; X m of the cuts are shown.

the atoms or molecules of the medium in the studied here energy range.
However in the case of this analysis it turned out that both the signal and
the background distributions do not follow the Landau function. It is due to
the multi-step cuts applied to the raw data, which caused the truncations of
the original experimental distributions of events.

Thus, in described here method the signal is fitted always as an asymmet-
ric Gaussian. (In fig. the fitted functions of the signal components are
given with green color and superimposed on the experimental distribution).
Efforts were made to fit the signal distribution in the range where the signal
component is clearly separated.

For the protons (fig. [3.12 upper-left panel) and pions (fig. lower-
right panel) the components of signal are dominant (in the latter case only
for the limited energy range). The background is small and easy to identify.
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It can be approximated by the linear function fitted to the both sides of the
signal distribution. (In fig. the fitted contributions of background are
given with red color).

Much worse signal to background ratio is obtained for deuterons (fig.
312, upper-right panel). However still the component formed by deuterons is
clearly separated from the component originating from protons. The back-
ground is fitted as an exponent.

The most difficult was to separate the tritons from background compo-
nents originating from other species, mainly from deuterons. In fig. [3.12]
lower-left panel, the signal from tritons is small in comparison to well visible
peak of d and traces of p distribution (most to the right).

Various efforts to separate the net component of triton from the domi-
nant background were undertaken. The most effective one occurred to be the
fitting of the proton background with the Landau function and two asym-
metric Gaussian functions for the deuteron and triton distributions. Then
the convolution of all three functions is fitted (cf. fig. With the use of
obtained parameters the signal and background functions are fitted again. In
fig. they are shown with green and red color, respectively. Finally the
background component inside the region of the cut p + o x m is calculated
with the use of obtained signal and background fits.

The quality of separation of individual components of dF/dx distribu-
tions for positively charged reaction product varies with the momentum of
particles. It is better for the lower momenta and deteriorates when particle
momentum increases. The distributions of specific energy losses get closer
each to other with the momentum rise.

At some momentum the signal to background ratio is so unfavorable that
the identified signal component is charged with too high uncertainty. In this
thesis it was arbitrary selected that the signal is separated from background
if for the applied width of cut the background to signal ratio is smaller than
50% (for d and 7*) and 60% (for tritons). For clean p and 7~ distributions
such condition is not needed).

Fig. shows the example of the distributions of background to signal
ratio (in percent) for tritons detected at § = (50 &+ 1.5)° and for different
widths of the PID cuts. In this case the maximal momentum at which the
signal distribution is considered as separated from the background is equal
to 1500 MeV /c.

The net value of the signal component for the given momentum bin is
calculated by subtracting the area of the fitted background function from
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Figure 3.12: The dFE/dx distribution for p, d, t and 7+ registered in TOF
detectors at laboratory 6 angle of (65 + 1.5)°. Examples show distributions
for various energy bins and selected with various widths of identification cuts.
These spectra provide the information both about the "signal" component
of the cross-section as well as the background of misidentified particles. The
fitted distributions of signal (green color) and background (red color) are
superimposed. Calculation of the widths of identification cuts m x o are
explained in the text.

the area of the fitted signal functions. It is important to stress that the
subtraction is done only in the selected limits, which are narrower than the
range of fitted signal distribution. This limits are related to the mean value
w1 and the standard deviation o of the fitted Gaussian function. They are
calculated as: |- 0 X m, u + o x m| where m = 0.6, 0.8, 1.0, 1.2, 1.5, 1.8
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Figure 3.13: The dF/dx distribution for ¢ registered in TOF detectors at
laboratory @ angle of (55 + 1.5)°. Examples show background estimation of
triton with the cut value 40 xm These spectra provide the information both
about the signal component of the cross-section as well as the background
of misidentified particles. The fitted distributions of signal (green color) and
background (red color) are superimposed.

The amount of events contributing to the searched for specific cross-
section at given laboratory emission angle 6 and for given energy bin is
calculated as an average of the values obtained for all applied multiplica-
tion factor m.

The PID and the background separation for the 7~ distribution is not
necessary. They are well identified by the HADES apparatus itself.

3.2.3 Efficiency and acceptance corrections

Proper calculation of geometrical acceptance and the efficiency of the over-
all detection and acquisition system (DAQ) is crucial for correct calculation
of absolute values of studied here cross sections. These quantities remain
in complicated dependence on detection geometry, composition of the de-
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Figure 3.14: The distributions of background to signal ratio for tritons mea-
sured at laboratory angle § = (50+1.5)° obtained for tree different widths of
PID cuts. It is decided that in this case the reliable separation of tritons from
background particles is possible for their momenta lower than 1500 MeV /c.
Above this value the background to signal ratio gets higher than 60%.

tection system, types of primary particles and their energy- and angular
distributions, the yields of secondary particles and their distributions, the
efficiencies of individual detectors, condition of trigger, dead time of DAQ.
The calculation of the cross-section corrections caused by geometrical re-
strictions and finite efficiencies can be done only with the help of software
tools explained already in subsection |3.1.6] The exact geometry of the ap-
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paratus and the response of the detectors to the irradiation is implemented
into the HGeant package [69]. HGeant is based on the Geant3 toolkit |70].

The actual conditions present during the data taking are considered by
the HYDRA framework |71]. This package contains as well all needed calibra-
tions, tracking tools, electronics response to detected particles and emulation
of trigger logic (cf. [3.1.6)).

In principle the acceptance and efficiency of the detection system has to
be calculated as a ratio of two distributions:

i) the so called ideal distribution - it is obtained by simulation of well
known and dominant processes with assumption that the 47 detection
geometry is available and the overall efficiency of the detection system
is equal to 100%;

ii) the real distribution - obtained by simulation of the same processes but
including the geometrical restriction and finite efficiencies of all com-
ponents of HADES detection system. These restrictions are included
to the HGeant and Hydra software.

Of course the product of efficiency and acceptance, (Efficiency x Accep-
tance - FA), is dependent on the energy, emission angle and the kind of the
emitted particle. It is given by the formula:

real(Z, A, E,0)
ideal(Z, A, E,0)

where the Z, A are the atomic and mass number of particle of energy F
emitted at laboratory angle 6.

Both the ideal as the real distributions are simulated as scatter plots 6 vs.
Energy. They have to be divided bin by bin for reasonable selected angular
and energy bin widths. (Please, note that from now on instead of used former
momenta of the particles their energies are calculated. It is due to the aim of
presenting the resulting cross-sections distributions as a functions of energies
of the reaction products).

The examples of the ideal and real 2D distribution for proton as well as
the resulting EA distribution calculated for each energy-angle bin according
to formula [3.2] are shown in fig. a, b and c, respectively.

For the specific case of the single spectra of spallation reaction studied in
this work, it was needed to test if £'A calculated in such a way is independent
of the conditions applied in simulations.

EA(Z, A E,0) =

(3.2)
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Figure 3.15: Example of distributions used for calculation of overall Ef-
ficiency and Acceptance, EA for detected particles: (a) ideal distribution
calculated for protons generated from INCL++ model; (b) real distribution
including the detection geometry and particular efficiencies of the HADES
system (generated using HGeant+ Hydra + dE/dz cuts for p+ o0 x 0.8); (c)
resulting F A distribution obtained after dividing real distribution by ideal
one.

In the first step of EF'A calculation it was checked if this method is robust
against the kind of event generator used for simulations of ideal and real
distributions.

The simulations were done using the event generator which simulate the
isotropic emission of protons of the energy sampled from the range [0,3500]
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MeV into the full solid angle. It turned out that when the initial multiplicity
of protons is equal to 8 the resulting EA is smaller than when the multiplicity
of generated protons is equal to 16. Examples of such calculation of E'A for
registration of protons at the laboratory emission angle § = 37.5° 4+ 1.5° are
shown in fig. [3.16] E A values obtained when multiplicity of initial protons
are equal to 16 (fig. [3.16| (b)) are larger by ~9% from those for isotropic
event generation with multiplicity of 8 (fig. |3.16| (a)).
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Figure 3.16: Product of Efficiency and Acceptance, F A, for detection of
protons at laboratory angle § = 36° - 39°. Event generator simulating the
isotropic emission of protons with multiplicity 8 (a) and 16 (b) into the full
solid angle were used. Kinetic energies of generated protons were ranging
from 0 to 3.5 GeV. For details see text.

This finding indicated that the calculation of EFA might be biased by
improper selection of the event generator. The reliable value of EA must be
calculated with the use of the event generator which approximates sufficiently
precise at least the dominant production and emission processes in the target.
This include both the types and the yields of particles emitted from the target
as well as their energy and angular distributions.

For these reason it was decided to use the INCL++ model as an event
generator. It was many times confirmed that this model reproduces the mul-
tiplicities, energy and angular distributions of dominant spallation products
with the precision of factor about 2, what was anyway the best achievement
among the spallation reaction models [10].

The correctness of the INCL++ model used as an event generator for cal-
culation of overall F A values in the present studies is confirmed by the good
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agreement of experimental and simulated multiplicities of detected particles
for p + Nb reaction measured at HADES. It is shown in fig. [3.17]

(2] ”
£ e HADES Data
S :
Lﬁm B2 RSEEEEG INCL.
E ::Q ++
"6 %
Nt
D102
So
€
p=]
z

03%E

Ratio

1 4 5 9 10 11 12 13 14 15
Multiplicity (M)

Figure 3.17: Upper panel: multiplicity distribution of primary particles ob-
tained by simulations with the use of HGeant + Hydra software and the
INCL++ model as a event generator. The theoretical distribution is com-
pared to the experimental one registered in HADES with the use of the same
software tools used for tracking and E'A corrections. Both distributions are
normalized to the same total number of events. Lower panel: ratio between
the experimental and simulated distributions.

The experimental distribution there comprises only those particles which
tracks could be reconstructed back to the target position. It means that only
primary particles produced in the target contribute to the multiplicity dis-
tribution. The secondary particles, which contributed to the trigger (trigger
condition demands at least 3 charged particles in the TOF /Tofino scintillat-
ing walls) are suppressed. For this reason experimental distribution contains
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the contribution from multiplicity equal 1 and 2.

Simulated distribution (marked in fig. as "INCL++") is obtained
with the use of the same HGeant and Hydra environment and parameters
as it was used for creation of experimental distribution of multiplicity in p
+ Nb reaction. In simulations the energy of bombarding protons used for
generating the particles entering the detection system was set the same as
energy of beam protons, i.e. 3.5 GeV.

For the most dominant multiplicities of events (between 1 and 7) the
ratios of experimental /simulated distributions varies between 0.7 and 1.4. It
is a proof that an INCL++ is an sufficiently realistic event generator for the
studied reaction. Experimental conditions can be reasonably well reproduced
by INLC++ + HGeant + Hydra combined frameworks. E A values calculated
with use of these tools are reliable.

The problem of possible bias of the calculated efficiency for registration
of single spectra in HADES by the trigger conditions, which required coinci-
dences of at least 3 charged particles will be addressed in subchapter [3.2.4]

The ideal and real distributions were simulated for each of reaction prod-
ucts studied in this thesis and the scatter plots of 6 vs. Energy were created.
In order to assure the smooth dependence but also the sufficient resolution
the binning of both axes has been optimized. Finally the width of energy
bin was selected as 30 MeV and the bin of § angle is equal to 3 degrees.

In order to obtain the energy dependence of efficiency for the selected
emission angle the demanded angular slit is defined and the two dimensional
E A distribution is projected onto energy axis. Such example is given in fig.
where product of overall efficiency of the system and its geometrical
acceptance is shown for detection of single distribution of deuterons emitted
from target at 43.5+1.5° laboratory # angle. The E A values calculated with-
out the PID cuts applied for real distribution is given with red dots whereas
the F A distribution reduced due to selection of fraction o experimental dis-
tributions defined within the PID cut is shown by blue dots. As described in
for assessment of systematic uncertainty of cross-section due to PID,
it was calculated with the use of various widths of PID cuts. The widths of
PID cuts applied for simulations were always the same as those defined for
experimental distributions. In case of reduced E'A distribution of fig.
the width of the PID cut was equal to 0.8 o.

3.2.  Methodology of data analysis 63



Chapter 3. Mechanisms of proton-nuclear target interaction - studies with
HADES spectrometer

1.0
go of Nb(p, d)X @3.5GeV 06=42°-45°
© 0.9F
o
Do.8F
o F
<O 7’ . +’ | ‘ 0
7E el ¥
i - "0000 0®0000004 *++++f4 41}4; pes Ji
806: | rY
'%0.5§ *0
i 0.4f N A
0 3E 'o"m""m""“’¢¢*++* T+i fb »"‘}“"
F T
0.2F
0 15, —e— Without dE/dx cut
v —e— With dE/dx cut
R R S R R R
0'00 200 400 600 800 1000 1200
Energy [MeV]

Figure 3.18: Example of HADES efficiency for registration of deuterons at
42° < 0 < 45° laboratory angle. The red dots represent the efficiency ob-
tained when the PID cuts were not used whereas the blue dots show the final
energy dependence of efficiency used for correction of absolute cross-section.
In this case the PID cut of the width equal to 0.8 ¢ is applied to the real
distributions of deuterons.

3.2.4 Experimental uncertainties

The broad acceptance and overall high luminosity for the experiment when
p+ Nb at 3.5 GeV reaction was measured provided huge statistics of collected
events. For the aim of present study 10® events have been analyzed. Thus, the
statistical error of the measurement is insignificant and will not be considered
in this work.

The components of systematic uncertainty are discussed below. They
origin from:

e misidentification of signal and background particles due to imperfect-
ness of PID cuts, the limited quality of fits for the signal and back-
ground distributions and the uncertainty of background dispersion;

e calculations of efficiency and acceptance of the apparatus
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e deviations in the performance of individual sectors of HADES detection
system;

e uncertainty of absolute normalization of the data used in HADES ex-
periment.

The last component of the systematic error is constant and equal to 15%.
This value is adopted from the data analysis performed in the HADES col-
laboration already in the past with the use of the same data but for other
reaction products [62, 74]. In that case the comparison of the HADES results
to the pion data measured by HARP-CDP collaboration [74] were done.

The particle (P)- energy (F)- and angle (0) dependent systematic uncer-
tainty (osys(P, E, 0)) is calculated for individual particle, its selected emission
angle and for each energy bin of 30 MeV width. It is taken as a square root
of sum of squares of individual components of error:

szs(P7 E7 9) = \/UPID/backg(Pa E7 0)2 + UEA<P7 E> 9)2 + Usec<P7 E7 9>2 (33>

where 0pippackg(P, E,0), 0pa((P, E,0)), 0sec(P, E,0) are PID and back-
ground error, efficiency + acceptance error and sector error, respectively.
They are discussed below.

Error due to PID/background

In the above subsection [3.2.2]the method of identification of individual charged
reaction products among the raw data distribution is explained. Due to the
lack of mass identification based on T'OF measurement only the PID method
utilizing the specific ionization losses can be utilized. As shown in figs. [3.9]
[3.10}, [3.12] and [3.14] despite good energy resolution of HADES detectors the
effectiveness of this kind of PID is restricted only to the lower range of en-
ergy spectra. Even then the contribution of misidentified particles to the
background is significant.

As mentioned already the systematic uncertainty of combined PID and
background subtraction method is estimated with the use of multiple PID and
background identification with application of various widths of identification
cuts. The widths of used cuts were calculated by multiplying the standard
deviation o of the fitted asymmetrical Gaussian function. Factor m equal to
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+0.6, +0.8, £1.0, +1.2, £1.5 and £1.8 is used for this aim. The limits of
cuts were fixed symmetrically around the mean value of fitted function.

As the systematic error of the method the value equal to the standard
deviation of all obtained results is taken.

PID /backgground error is calculated by following formula:

Ty — )2
OPID/backg = \/—Zm( N 2 (3.4)

where z,, represents the double differential cross-section obtained by each
cut with factor m having values +0.6, £0.8, +1.0, +1.2, £1.5 and +1.8.
The symbol p represents the mean of all cross-sections. N is number of cuts
applied with all m values.

The usual value of (0p7p/packg) remains below 5%. For some energy bins
of triton distribution it can reach several percent.

Efficiency and Acceptance uncertainty

In order to perform the absolute normalization of the cross-section the overall
efficiency and acceptance, F'A, distributions for particles studied in this work
i.e, for p, d, t, 7~ and 7+ have been determined (cf. subsection and
examples in figs. [3.15] [3.18). In the case of the current study, the actual
E A value is a convolution of detection efficiencies of various components
of the HADES system, the effectiveness of the data acquisition system, the
trigger conditions and the distributions of secondary particles created in the
HADES setup and contributing to the triggering of event. The total efficiency
is dependent on energy, emission angle and type of particle.

For calculation of EA two theoretical distributions (real and ideal) are
divided. Thus, the possible deficiencies of the theoretical model and software
tools used for simulation of the HADES response cancel out.

It was proven during long term operation of HADES and from the other
performed up to now analyses that the E'A distributions of HADES varies
smoothly with the emission angle of detected particle and with its energy.
Observed significant fluctuations of E'A in neighboring bins of energy (or
angle) indicate that in this region of energy PID of particles is not effective
enough or the statistics of simulations is not sufficient. In example given in
fig. significant fluctuations of FA for deuterons detected at the given
angle are observed above 750 MeV. This energy region is not considered for
calculations of cross-section.
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In the energy regions where E'A distributions change monotonically the
resulting correction factors were smoothed by applying the running aver-
age over 3 consecutive energy bins. The standard deviation of the running
average is assigned as a measure of the systematic error of the efficiency
correction.

It has to be remarked that the dominant limitation of the energy ranges
where the production cross-sections could be determined in this studies comes
from the limited PID strength for highest energies of detected particles. The
energy limits resulting from not monotonic distributions of E'A are usually
less important.

The modification of FA due to contribution of secondary particles and
thus to the single spectra measured in this work is suppressed by the tracking
procedure. Also for calculation of FA the secondary particles from events
generated by INCL++ are "created" by HGeant and effectively tracked by
Hydra. In effect the simulated distribution of multiplicity very well agrees
with experimental one (c.f. fig. [3.17)). This is sufficient for reliable determina-
tion of F A by dividing the real by ideal distribution. Thus, the uncertainty
from production of secondary particles do not need to be considered here.

It has to be also checked if the trigger condition demanding more than two
charged particles detected in TOF /Tofino walls can influence the efficiency
for registration of single spectra. Special care in this respect has to be put
on the events, which comprise only one or two primary particles emitted into
HADES acceptance. The DAQ would be insensitive for such events if these
particles do not contribute to creation of secondary products. They would
not give sufficient contribution to the multiplicity of trigger.

It was checked that simulations of the real distributions with the com-
binations of the event generator, HGeant and Hydra take into account such
cases. It means that the reduction of efficiency due to disregarded events of
the low multiplicity emitted towards the HADES apparatus (so called trigger
bias of the single spectra) is included into E'A calculation and does not need
to be treated separately.

Thus, the total uncertainty cz4 of FA consists of the component which
comes from small fluctuations of calculated F A distributions. It depends on
the kind of registered particle, its energy and emission angle. This uncer-
tainty varies in the range of 2 - 5%.
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Differences in sectors performance

HADES detection system consists of six equivalent sectors, which cover the
forward emission cone and provide the detection acceptance in 360° range of
the azimuthal angle ¢. The ¢ angle coverage of individual detection sectors

is presented in fig. [3.19|

Sector 5 Sector 6

Sector 4 Sector 1

Sector 3 Sector 2

Figure 3.19: Azimuthal position of individual detection sectors in HADES
forward cone.

The construction of the sectors should provide the full detection symmetry
in the forward acceptance range of HADES.

The distributions of measured cross-sections can be however affected if
performance of individual sectors departs from the assumed equivalence.

For this reason the same kind of analysis as described above for the global
setup has been performed for the particles detected in each individual sector.

First it was checked if there are difference in the shapes of the cross-section
distributions obtained for individual sectors for all the reaction products of
interest. It was done by application of the Pearson coefficient p used to test
the linear correlations among the discrete sets of variables and given with
the formula:

p(X,Y) =cov(X,Y)/o(X)o(Y) (3.5)
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Figure 3.20: The estimator of the Pearson correlation coefficient p (cf. equa-
tion was calculated by means of the Python data frame PANDAS. Exper-
imental distributions obtained for different detection sectors of HADES were
used in order to check the possible differences in the shapes of the obtained
cross-sections. Given example is for the proton distributions obtained when
the width of identification cut was of 1.0 o (upper panel) and 1.2 ¢ (lower
panel). For description of the width calculation of the identification cuts
please, refer to section [3.2.1l The values of coefficient for all combinations
of sector results are practically equal to 1. This indicate that their linear
correlation is maximal and discrepancies in the shapes of the cross-sections
distributions for individual detection sectors do not exists.

In the examined case the X and Y are the distributions of cross-sections
provided by individual sectors, the cov(X,Y) is their covariance and o(X),
o(y) are their standard deviations.

As it is shown in fig. [3.20] where example of the p coefficient calculated
for proton cross-sections obtained for individual sectors are given, for each
combinations of sector pairs the value of p is almost equal or equal to 1. It
means that shapes of cross-sections distributions for individual sectors are
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Figure 3.21: The example of the ratio R given by the formula calculated
for cross-section distributions obtained for individual sectors at four selected
emission angles. Here the sum of cross-sections for all positively charged
particles is taken into account. The most significant deviation of the cross-
section is visible for sector 3.

identical.

In this way it was proven that the individual sector does not influence
the shapes of the measured distributions. Unfortunately the variation in the
values of cross-sections obtained for individual sectors has been realized.

The differences among values of cross-sections provided by individual sec-
tors are quantified in following way:

The ratio R; of the value of cross-section o; measured in sector ¢ to the
average of cross-section of measured in all sectors (j = 6) is given with the
formula:

0;

Ri= ———
Ej:l /6

(3.6)
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Figure 3.22: The example of the ratio R given by the formula calculated
for 7~ production cross-section for individual sectors at four selected emission
angles. The most significant deviation of the cross-section is visible for sector

6.

As it is shown in fig and [3.22] the most significant differences in
the absolute values of cross-section in comparison to the average values are
observed for sector 3 (for positively charged particles) and for sector 6 (for
).

In order to estimate the component of cross-section uncertainty (in per-
centage) due to variation in results of the individual sectors (ogec(;) the
following formula has been used:

Freety = (100/6)(Z—Tmean ) (3.7)

mean
where 0,,.qn 18 the average cross-section over the sectors for the given
particle, emission angle and the energy bin.

The examples of 0(;) are shown in and

Considering the deviations in the magnitude of the results of individual
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Figure 3.23: The example of the distribution of the uncertainty o3y and
Tsec(6) Tesulting from the deviation of the results for sector 3 and sector 6.
Tsec(s) 18 calculated according to formula @ for protons detected at four
selected angles.

sectors the error of the “whole” cross-section caused especially by sector 3
and sector 6 is not lager than 7%.

Uncertainties calculated in the way as explained above for each kind of
detected particle, all selected emission angles and for each of energy bin are
considered as a component of the systematic uncertainty of the measured
cross-sections.

3.3 Verification of results

In order to verify the results obtained in present studies and gain confidence
about the applied data analysis scheme the relevant experimental results have
been searched for in literature. The same cross-sections as shown in this work
are not available. Thus, the verification has to be based on the rare data of
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Figure 3.24: The example of the distribution of the uncertainty o) and
Tsec(s) Tesulting from the deviation of the results for sector 3 and sector 6..
Tsec(i) 18 calculated according to formula for 7= detected at four selected
angles.

proton induced spallation but measured for different target masses and at
different bombarding energies than those used in present study. It is allowed
since the shapes of the spallation distributions in the energy and mass range
of interest are similar. It means that independently of the target mass and
the proton beam energy the shape of resulting spectra are the same or change
very slowly. The magnitude of cross-section is both the energy and target
mass dependent. It rises with the beam energy and the mass number A of
the target. But this rise is also moderate. Thus, taking into account mass
and energy dependence of the cross sections the comparison of the results for
similar target masses and similar beam energies is justified. Moreover, usually
the compared spectra are biased with experimental errors of the similar range
as the expected differences in the cross-sections.

As it is shown below the samples of double differential cross-sections ob-
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tained in the current analysis are compared to the other experimental results
of this type. It is possible for all particle species studied in this thesis but
only for limited energy and angular ranges where the similar data exist.

At first the consistency check of the current and earlier analysis of HADES
data is shown.

3.3.1 Former HADES results for negatively charged pi-
ons

The data collected for collision of p + Nb at 3.5 GeV at HADES have been
partially utilized earlier for studies of various reactions. Among them the
inclusive pion and 7 production has been examined [62]. In that analysis the
transverse momentum distributions dN/p; of 7~ have been derived. This
permits to perform the partial comparison of the results obtained in this
thesis with the former HADES results derived from the same raw data but
with completely different methodology. For this aim the transverse momenta
p. of ™ resulting from the present analysis have been calculated.

Fig. shows the comparison of the p, distributions obtained in the
former and in the current analysis. Both p, distributions are integrated over
rapidity range of 0.2 < y;,, < 1.8. The good agreement between these two
distributions proves that the analysis scheme applied in this thesis provides
correct results.

It has to be remembered that for the 7~ the selection cuts were not
needed. Thus, agreement of the results presented here proves the correctness
only of the analysis steps used after the PID /background selection.

3.3.2 Mid-energy pion spectra

Double differential cross-section of similar type have been measured in HARP-
CDP experiment. The HARP-CDP collaboration provided the proton and
pion spectra for proton induced reaction on some atomic nuclei from Be to
Pb at 4.1 GeV proton bombarding energy [75-81] . Among them the cross-
section for 7 production in p+°% Cu |78] and p+'8! T'a |77] reactions can be
compared with the present results. It is done in fig. where present 7+
data collected at 6 laboratory angles of 65° and 80° are presented together
with HARP-CDP results. Whereas HADES data are measured at 3.5 GeV
proton energy the beam energy of HARP-CDP experiment was equal to 4.1
GeV.
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Figure 3.25: The transverse momentum, p,, distribution of 7~ for the se-
lected rapidity of 0.2 < ;4 < 1.8 measured at HADES in p+ Nb at 3.5 GeV
proton beam energy. Comparison of the results of current analysis (blue
triangles) with the former studies of inclusive 7 production performed at
HADES (red rectangles) [62]. Despite of the various analysis schemes used
the results of both of them agree very well.

The shapes of energy distributions of 7% are practically the same for
all three targets. Since the proton beam energies in both experiments were
similar the observed differences in the magnitudes of cross-sections are prac-
tically only due to target masses. Presented spectra follow expected sequence
of increase of the production cross-section with increase of the target mass.

This fact allows the conclusion that the double differential cross-sections
for production of 7+ measured at HADES agree well with the similar results
obtained by HARP-CDP collaboration.
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Figure 3.26: Examples of double differential cross-sections measured at two
emission angles (6 = 65° - upper panel, and 6 = 80° - lower panel) at HADES
for production of 7t in reaction p +% Nb @3.5 GeV (black dots). They are
compared to the similar results of HARP-CDP collaboration but measured
for 4.1 GeV proton beam impinging on %Cu (green triangles) |78] and ¥ Ta
(red triangles) |77] targets. Taking into account the expected cross-section
differences due to various target masses the good agreement of distributions
obtained in both experiments is confirmed.

3.3.3 Low energy spallation data

HARP-CDP collaboration provided also the double differential cross-sections
for proton production in proton induced reactions. This data will be utilized
here to confront the HADES result with the data available in the literature.
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In this respect also the results of PISA collaboration [82] are of interest.
Data provided by PISA cover broad range of target nuclei (from C to Au)
bombarded by protons of 1.2, 1.9 and 2.5 GeV energy [26, 82-86]. PISA
experiment registered isotopically identified charged reaction product from
LH to 2C and heavier intermediate mass fragments identified only by their
atomic number. For the aim of performed verification of the HADES results
only the hydrogen isotopes of PISA data can be utilized.

Comparison of production cross-section for H isotopes measured in HADES
and in PISA is given in fig. The examples of production cross-sections
for p (upper panel), d (middle panel) and ¢ (lower panel) measured at HADES
for p+23 Nb @3.5 GeV and registered at laboratory emission angle § = 65° are
presented. The PISA results shown there as well were measured for reaction
of p+"- Ag @2.5 GeV [82]

The HADES results for protons (upper panel) are compared also to the
results of HARP-CDP registered for p +5% Cu reaction at 4.1 GeV impinging
proton energy [78].

The data of PISA and HARP-CDP are shown in their full available en-
ergy range which only partially overlaps with the detection energy range of
HADES experiment.

Taking into account the target mass dependence of the cross-sections and
the similar beams energies the results of HADES experiment are in very good
agreement with those published by PISA and HARP-CDP collaborations.

The agreement of the magnitudes and the slopes of PISA, HARP-CDP
and HADES distributions for all registered H isotopes proves the correctness
of the data selection and analysis used in this work.

Since the detection conditions during the p +% Nb run at 3.5 GeV beam
energy in HADES were not optimized for registration of the single spectra
of charged pions and hydrogen isotopes it was demanded to undertake the
efforts in order to test if the applied analysis scheme including the particle
identification, the background reduction and subtraction, the efficiency and
acceptance corrections, the absolute normalization and the error estimation
are sufficiently powerful and reliable. Very good agreement of the present
data with those published in the literature and obtained in the experiments,
which used completely different methods of measurements proves reliability
of the present data processing.
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Figure 3.27: Examples of double differential cross-sections for p (upper
panel), d (middle panel) and ¢ (lower panel) measured at HADES at 6 = 65°
laboratory emission angle in reaction p+% Nb at 3.5 GeV beam energy. They
are confronted with the former results of spallation experiment PISA [82] for
the same isotopes and detection angle. The double differential production
cross-sections for p are compared also to the results obtained in HARP-CDP
experiment [78].
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Results of HADES experiment

4.1 Double-differential cross-sections from re-
action of p+Nb at 3.5 GeV

The double differential cross-section for production of charged pions and iso-
topes of hydrogen in p+Nb reaction at 3.5 GeV proton beam energy resulting
from the analysis of data registered in HADES experiment are shown in figs.
[4.1] and .3l These distributions are effect of the analysis explained in
chapter

For the aim of current work the 10% events were analyzed. Such high
statistics of collected and analysed events permitted to create the d?c /dQdE
distributions for the whole angular range of HADES acceptance, i.e. from
20° to 80° of the emission angle § with the angular step of 5°.

The experimental errors are calculated according to formula [3.3, where
only the components depending on PID /background error, efficiency + ac-
ceptance error and sector error are considered.

Such defined uncertainty is calculated for each particle type, selected
emission angle # and for each energy bin of 30 MeV of the relevant distribu-
tions.

The constant component of systematic uncertainty equal to 15%, resulting
from absolute normalisation of HADES data is not included into error bars
presented in figures and Statistical uncertainties are insignificant
and neglected.

In the following the obtained cross-sections are discussed together with
their comparison to the distributions obtained with the use of three theoret-
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Figure 4.1: Double differential cross-sections of p measured at HADES in
p+23Nb reaction at 3.5 GeV incident proton energy (full circles). The dis-
tributions measured at emission angles of 20° < # < 80° with the step of 5°
are shown. In order to facilitate the comparison each distribution at higher
angle is multiplied by factor of 1072.

ical models. Provided here huge set of new and precise experimental data
extending to the energies beyond of those available up to now in the litera-
ture may put strong constraints to each theoretical model which aspires to
reasonably well reproduce mechanism of this stage of the reaction process.
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Figure 4.2: Double differential cross-sections of H isotopes: d (left panel)
and t (right panel) measured at HADES in p+%Nb reaction at 3.5 GeV
incident proton energy (full circles). The distributions measured at emission
angles of 20° < 6 < 80° with the step of 5° are shown. In order to facilitate
the comparison each distribution at higher angle is multiplied by factor of
1072

4.2 Comparison with the models

The processes governing the first stage of proton-target nucleus collision must
be reflected in the kinematical distributions of the main reaction products.
They are nucleons and pions. In case of this works particle which carry the
information about the proceeding of the intranuclear cascade are protons
and charged pions. Moreover, the available single particle spectra of the
dominant cross-sections are supplemented with the production cross-section
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Figure 4.3: The same as in fig. but for 7 (left panel) and 7~ (right
panel).

of the composite nuclear products, namely the deuterons and tritons. Their
rather high energies and forward emission angles indicate that those clusters
are created during dynamical phase of the reaction.

In order to extract the important information about the process of in-
tranuclear cascade the experimental - angular and energy distributions of
charged participants of this process, i.e. protons, pions and complex hy-
drogen isotopes - deuterons and tritons are compared to the predictions of
the theoretical models. They are GiBUU [11], UrQMD and INCL++
[10]. These models are commonly used in investigations of nucleus-nucleus
collisions at GeV /A energies.

As described in chapter [2] the recalled here models differ in the level
of approximation of the physical phenomena appearing in the quantum-
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mechanical realm of nuclear systems. They contain some different physics
ingredients, and use specific solutions, but in fact they all assume that the
intranuclear cascade is a sequence of binary interactions among the involved
nucleons and pions.

It has to be stressed here that INCL++ model foresees the mechanism
for light composite particle production (surface coalescence - cf. chapter
and [9]) whereas both GiBUU and UrQMD are not equipped with the
mechanisms allowing for creation of nuclear clusters.

The most up to date versions of the models were used. It was release
2021 (Feb 8, 2021) of GiBUU, V3.4 for UrQMD and version v6.29-9198542
of INCL++. Also the default settings of each respective model were assumed
during all numerical calculations performed in the present study.

4.2.1 Protons and pions

The main charged reaction carriers inside the struck target nucleus available
for the analysis in this thesis are the protons and charged pions.

In order to facilitate comparison of their experimental distributions with
the theoretical ones their angular and energy distributions of cross-sections
are given in this subsection for only three detection angles of 6 = 25° 55°
and 80°. It is justified by the fact that the angular dependence of the data
is monotonic and smooth.

The uncertainties indicated for all presented here experimental data in-
clude only the energy and angle dependent components of systematic error -
similarly as it was done for complete sets of the HADES results shown above
in the section [£.2] (cf. as well the section [3.2.4)). The absolute normalization
uncertainty which is constant an equals to 15% is not included to the plots.
The insignificant statistical errors are neglected.

Protons

The advantage of the magnetic spectrometer HADES has been fully utilized
for selecting the protons emitted from the p+Nb reaction. Achieved here
range of their measured momenta extends to much higher values than it
was possible in earlier experiments dedicated to measurement of production
cross-sections of light nuclear products.

Also their identification suffered the least among all reaction products
from the limitation of the identification method based on measuring of the
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specific energy losses of particles in the detector medium.

In effect the energy range of the cross-sections presented in this work
significantly exceeds the energy limits of proton distributions available in the
literature.

Obtained distributions are shown in fig. .4l They vary monotonically in
the whole detected energy range and their slopes increase with the emission
angle 6.

The experimental errors are small. For the logarithmic scale used at the
plots mostly they are hidden within the size of the markers.
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Figure 4.4: Double differential cross-sections of p measured at HADES in
p+23Nb reaction at 3.5 GeV incident proton energy (full circles). Cross-
sections are shown for three laboratory emission angles of 6=25° 6=55°
(multiplied by factor 107!) and 6=80° (multiplied by factor 1072). The
experimental distributions are compared to the results of theoretical models:
GiBUU (dash-dotted lines), UrQMD (dotted lines) and INCL++ (dashed
lines). Constant normalization error of experimental data equal to 15% is
not included.
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For the forward emission angles all three models provide the proton dis-
tributions of the shape which is similar to the experimental ones. But the
best agreement with the data is provided by GiBUU model. The theoreti-
cal curve follow the data at 25° in the whole presented energy range. The
UrQMD and INCL++ model underestimate the magnitude of the data by
factor larger than 2. The disagreement of the UrQMD and INCL-++ models
with the cross-sections measured for protons is largest for highest available
energies and decreases with decrease of the kinetic energy of emitted proton.

The GiBUU starts to overestimate the data when the emission angle
increases. But predictions of UrQMD and INCL++ get closer to the exper-
imental distribution for larger angles.

For the largest presented here emission angle of 80° the best description
of the proton data is provided by INCL++. The worst agreement is observed
for GiBUU model. It overestimates the experimental cross-section and the
discrepancy increases with the proton energy. Disagreement of factor of ~2
is attained at the end of available data range.

Charged pions
The experimental energy spectra for charged pions are shown in fig. (for

71) and in fig. (for 7).

In general their energy ranges are broader than those provided up to
now in experiments performing similar research. The exception is observed
for the forward detection angles of 7. In the present analysis - due to
limitation of particle identification (PID) based on dF/dx measurement -
these particles can’t be effectively identified among other reaction products
when their energies exceed ~600 MeV.

At most forward emission angles of 7 (see fig. the theoretical dis-
tributions of all three models underestimate the experimental cross-sections.
It is most significant for lowest energy. Discrepancies decrease when energy
of pions increase. For energies greater than ~500 MeV, results of INCL-++
almost follow the data.

The agreement improves with increase of emission angle. All three mod-
els follow approximately the shape of experimental spectrum. Theoretical
distributions are closest to the data in the range of 250 - 500 MeV of pion
energies. In general, for the the mid-angular range of HADES, the models
agree with the data within the limit of factor 2.

For the highest detection angles of HADES almost ideal description of
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Figure 4.5: The same as in fig. but for 7t.

experimental cross-sections for 7t is provided by UrQMD model. The most
pronounced disagreement is visible for results of INCL++ when the energies
of pions are greater than ~500 MeV.

From inspection of fig. it can be concluded that the best description
of differential production cross-section for 7~ is provided by UrQMD model.

It is especially visible at most forward emission # angle where the agree-
ment is nearly ideal for almost whole available energy range. Only at pion
energies smaller than ~ 400 MeV the UrQMD underestimates the pion data.

INCL++ is also rather successful in reproduction of the experimental 7~
cross-section. But it is observed only at middle and highest emission angles.
However even there, for the lowest and highest energies of detected pions the
agreement with the data deteriorates.

The GiBUU model overestimates the 7~ data for all their emission angles
and energies available in the present work. Except the smallest energies the
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Figure 4.6: The same as in fig. but for 7.

discrepancies are at least of factor 5.

4.2.2 Composite nuclear particles

The origin of the light composite particles studied in this work (deuterons
and tritons) is not understood. The mechanisms responsible for creation
of nuclear clusters during the intranuclear cascade are not known. Various
hypotheses of more or less theoretically justified background are proposed
(see e.g. [39-43)).

In INCL++ model the hypothesis of surface coalescence is applied. It
assumes the coalescent origin of composite particles (at least H and He iso-
topes) which are created still during the pre-thermalization phase of the pA
collision.

Surface coalescence of INCL++ model permits the dynamical construc-
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tion of the stable nuclear clusters of the masses A<8. They can be emitted
from the target nucleus according to the conditions implied by the values of
their binding energies and the height of the Coulomb barrier.

Unfortunately, among the tested theoretical models both GiBUU as well
as UrQMD do not contain the mechanisms responsible for creation of com-
posite nuclear particles.

The HADES experimental double differential cross-sections for both the
deuterons as for the tritons are limited in energy. It is due to overlapping of
their dE/dx distributions with other H isotopes at higher particles energy.
Identification of tritons have been especially challenging issue during current
analysis. Nevertheless the obtained results (fig. for deutrons and for
tritons) show the cross-section energy dependence in broader range than
that for other deuteron and triton data available up to now.

The results of simulations of the deuteron distributions with the use of
INCL++ model (cf. fig. - upper panel) overestimate the experimental
data. Such disagreement is most pronounced at large emission angles were
surface coalescence overestimates the d data by factor ~3.

At most forward emission angles available in HADES the disagreement is
small for low energies of deuterons. But it increases towards larger energies
attaining factor of ~3 at the energies >300 MeV. In this way the slope of
theoretical curve is more flat than for experimental distribution.

The best description of experimental data the INCL++ model and the
surface coalescence mechanism provides at middle angles. For the 6 = 55°
discrepancy is of factor ~2.

HADES results for ¢ are shown in fig. [£.7] - lower panel. Astonishingly
the surface coalescence of INCL+-+ model predicts better the triton differ-
ential production cross-sections than the one for lighter deuterons. The best
agreement of experiment and theory is observed tor ¢ emitted at 6 = 55°.
The theoretical curve agrees with the experimental one for the whole range
of registered energies. For lower emission angle the agreement of the model
predictions and the data remains quite good but with slight increase of ab-
solute values of discrepancies. At highest detection angles available in this
analysis the model starts to overestimate the experiment more visibly. For 6
= 80° the disagreement reaches a factor ~2. In the whole angular range of
HADES the slopes of experimental and theoretical distributions are in good
agreement.
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Figure 4.7: Double differential cross-sections of deuterons (upper panel) and
triton (lower panel) measured at HADES in p+% Nb reaction at 3.5 GeV
incident proton energy (full circles). Cross-sections are shown for three labo-
ratory emission angles of §=25°, §=55° (multiplied by factor 10~!) and §=80°
(multiplied by factor 1072). The experimental distributions are compared to
the results of theoretical model INCL++ (red dashed lines). Constant nor-
malization error of experimental data equal to 15% is not included.
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4.3 Interpretation of results

The general comparison of the HADES experimental cross-sections for hy-
drogen isotopes and charged pions and the relevant theoretical distributions
of three models has been performed in previous section.

It was found that the shapes of experimental distributions are in most
cases reproduced by the models. The absolute values of differences are usually
kept within a factor of 2.

Also the expected behaviour of the theoretical distributions like a smooth
decrease of the cross-sections with increasing of the scattering angle and the
energy of emitted particles is confirmed. Unfortunately, in the whole available
kinematic range, no any systematic behaviour of the relationships between
experiment and theories can be observed.

In order to perform more detailed assessment of the abilities of theoret-
ical models to predict the experimental data the quantity called A-factor
developed in |27, |87] has been applied.

The great advantage of A-factor is that its value quantify the deviation
between two discreet distributions of the cross-sections by the number be-
tween 0 and 1.

The original formula for A-factor is as follows:

1 |0 — oth]
A=—) —— 4.1
N ; O_fxp + O'fh ( )
where ;" and ¢! are the values of experimental and theoretical cross-section

in ¢-th histogram bin, respectively, and N is the number of histogram bins.

For the aim of the current analysis, where theoretical models are bench-
marked both in the domain of laboratory emission angle, 8, as well as in their
dependence on the kinetic energy, F, of particles, the A-factor was calculated
for each bin of two dimensional histogram 6 vs. E:

oS — gth|

A= ‘Z—z 4.2
o 4 gth (4.2)
Averaging over several bins as it is done in formula is avoided here.
The properties of factor A are as follows:

e it takes values between 0 and 1;
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e for A = 0 the ideal agreement between compared distributions is ob-
served;

e for A = 1 one of the compared cross-sections vanishes or its value
become infinite;

e value of A is asymmetric depending on the sign of differences between
distributions;

e for the small differences between the compared distributions the men-
tioned above asymmetry is small;

e in such case the value of calculated A-factor can be interpreted as
the approximate of the half of relative distance between the data and
theoretical cross-sections;

e when A = 0.1 the average relative distance between experimental and
theoretical cross-sections is close to 20%;

e for A = 0.2 the average deviation of the cross-sections is close to 40%.

In the present studies the experimental and theoretical distributions differ
usually within the limits of factor 2. But the individual values of measured
cross-sections are charged with uncertainty below 20%. Thus, for this specific
analysis, it is reasonable to introduce gradation of quality of predictive power
of the models:

e for the calculated value of A-factor below 0.1 (maximal difference of
the distribution ~20%) the agreement of two examined distributions is
called as "good";

e when 0.1 < A < 0.2 (maximal difference of the distribution is in the
range of ~20% to ~40%) the agreement between distributions is called
as "moderate";

e values of A > 0.2 call for the conclusion that the agreement between
the model and the data is not satisfactory.

The uncertainty of A-factor itself in the current analysis remains below
value of 0.1. This uncertainty is due to the experimental errors of measured
HADES cross-sections which are usually below 20%.
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In figure the effect of analysis with the use of A-factor is presented.
The contour plots of the A-factor in the kinetic energy (E) - emission angle

(0) plane are shown for emission of protons and charged pions. They were
evaluated by means of three models: GiBUU, UrQMD and INCL++.
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Figure 4.8: Laboratory # emission angle and kinetic energy E dependent dis-
tribution of A-factor (see text) for double differential production cross-section
of p (upper row), 77 (middle row) and 7~ (lower row). It is calculated accord-
ing to formula for theoretical models of GiIBUU (left column), UrQMD
(middle column) and INCL++ (right column) compared to the experimental
values of relevant production cross-section measured at HADES. For ideal
agreement of the model and the data A = 0 and rises with the discrepancy
between the data and the model. Good and moderate agreement is observed
if A <0.2. Note the different energy scales for the figures in different rows.

In the most upper three panels of the figure the A-factor values of
three models for proton data are shown. The areas of dark-blue and blue
colours corresponding to good and moderate agreement between model and
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experimental cross-sections are clearly larger for GIBUU than for two other
models. It shows that GiIBUU is able to provide satisfactory agreement with
the data for significantly larger kinematic range of HADES than two other
models.

GiBUU reproduces well the data both, at small and large angles and for
much broader range of energies for these angles. However at angles larger
than 50° it works satisfactory at smaller energy range - up to 400 - 500 MeV.

The regions of small values of the A-factor of UrQMD and INCL-++
corresponds only to angles larger than 50° and relatively small energies -
smaller than 1000 MeV.

The middle three panels of fig. [4.§ are devoted to data of positively
charged pion and their analysis by the same three theoretical models as for
protons. Inspection of these panels indicate that the regions of angles and
energies well described by GiBUU and UrQMD are very similar. They cover
kinematic range for angles larger than 50° (for GiBUU) and larger than 60°
(for UrQMD) and for full range of energies (up to 800 MeV).

INCL++ model describes satisfactorily the data for almost all angles,
however in limited range of energies. At angles larger than 50° the good and
moderate agreement with the data is observed for energies from about 200
MeV to 500 MeV whereas at angles smaller than 40° it is a case for energy
span from about 300 MeV to 700 MeV.

The lowest three panels of fig. show the analysis with A-factor for
negatively charged pions 7~ again simulated with GiBUU, UrQMD and
INCL++ models (from the left to the right panel of the figure, respectively).

It is clear that each of the models describes well different kinematic regions
of reaction. In contrast to emission of protons, GiBUU model reproduces
smallest part of the data among other models. The GiBUU simulations of
7~ distributions reproduce the data in the whole angular range of HADES
only for small energy range which additionally decreases when the emission
angle gets larger. At smallest angles of 20° - 25° this energy interval of good
and moderate agreement extends from 100 MeV to 600 - 700 MeV. At largest
available angles it ranges from about 100 MeV to 250 MeV.

HADES cross-sections of 7~ in the broadest kinematical range are repro-
duced satisfactory well by UrQMD model. Areas with A < 0.2 covers full
range of the angles whereas range of energies decreases with increasing angle.
For smallest angles the energies of satisfactory agreement extend from about
100 MeV to 1700 MeV and at largest angles - from 100 MeV to about 500
MeV.
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INCL++ describes well and moderately the 7~ data at angles larger than
30° for broad interval of kinetic energies. It extends from 200 MeV to 2000
MeV at 30° but decreases when emission angle increases. At the largest angle
of 80° the energy span of satisfactory agreement of model and data ranges
only from 200 MeV to 650 MeV.

Conclusions derived from inspection of A-factor distributions for p, 7+
and 7~ obtained for three theoretical models are in the perfect agreement
with those from the analysis of single distributions of these particles where
experimental spectra are compared to model predictions at three angles:
25°, 55° and 80° (cf. figs. and discussion in subsection [£.2.1)). Such
an agreement proves reliability of the present method of reasoning based on
two-dimensional maps of the A-factor values.

Similar analysis of A-factor value as a function of energy and emission
angle of the reaction product can be performed also for deuterons and tritons.
However, the data for emission of these particles can be compared only with
predictions of the INCL++ model. As it was informed already in chapter
both in GiBUU as in UrQMD models the mechanisms permitting the creation
of nuclear clusters during the intranulcear cascade are not implemented.

The maps with A-factor dependence on the product energy and emission
angle for deuterons and tritons produced in p + Nb collision at 3.5 GeV in
HADES are presented in fig. Distribution of the A-factor calculated
for INCL++ predictions for deuterons confronted with the HADES data
indicates that good and moderate agreement is observed for the all energies
of d but emitted in the narrow angular range from about 50° to about 60° of
0 laboratory angle. Besides these regions the satisfactory reproduction of d
data INCL++ provides for the highest energies and emission angles and for
low energies below 250 MeV but only for emission angles between 30° - 45°.

For tritons good and moderate agreement is obtained for all angles larger
than about 40°. Additionally the predominantly moderate agreement is vis-
ible for energy smaller than approximately 270 MeV and at angles smaller
than 40°.

The two dimensional distributions of A-factor allows for extraction further
credible information, namely the predictive power (PP) of given theoretical
model for selected set of observed particles.

This can be obtained by observation how big is the part of studied kine-
matic space of energy - emission angle for which the model describes the data
in good and moderate manner (A-factor values are smaller or equal to 0.2).
The ratio of number of such bins to number of all observed bins is used as
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Figure 4.9: Dependence of A-factor (see text) on the deuteron (left panel)
and triton (right panel) emission angle 6 and kinetic energy E. A-factor
is calculated according to the formula for comparison of experimental
double differential cross-sections of HADES with the results of theoretical
model INCL. For ideal agreement of the model and the data A = 0 and rises
with the discrepancy between the data and the model. Good and moderate
agreement is observed if A < 0.2.

numerical measure of the predictive power (PP) of given model for selected
set of observed particles.

Table contains the appropriate percentages of such calculated cor-
rectness of individual models for selected individual particles and for their
particular and total yields.

From inspection of the table 4.1| the following conclusions can be derived:

e none of the applied theoretical models is able to reproduce "well" (i.e.
with A < 0.1) at least a half (i.e. 50%) of the full examined in this
thesis E-0 space. It is a case both for each individual of observed
ejectiles (p, d, t, 7", ) as well as for their combinations (p + 7 +
7 ,d+tandp + 7t + 77 +d+ t);

e GiBUU model reproduces with "good and moderate" quality 65% of p,
58% 7t but only 28% of 7~. In average over all these particles such
quality of description is reached for 49% of E-6 area under investigation;

e UrQMD and INCL++ models reproduce "well and moderately" the p
and 7" distributions in less than 50% situations;
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Table 4.1:  Measure of predictive power (PP) of GiBUU, UrQMD and
INCL++ models for double differential cross-sections of p, 7+, 7=, d and
t measured at HADES. PP is equal to fraction of area (in [%]) of the 6 vs.
E' distributions presented in figs. and where the agreement of the
theoretical model and the experimental specta of HADES is good (A < 0.1)
or good and moderate (A < 0.2). The predictive power for the simulation of
intranucelar cascade is given for the sum of p, 7+ and 7~ ejectiles. The cor-
rectness of reproduction of composite particle production is calculated for the
sum of d and ¢ (only for INCL++). The overall agreement of the INCL++
model with the data for all detected in HADES particles is given for the sum
of them. The number corresponding to several emitted types of particles
were calculated as percentage of "good" bins for given set of particles among
all bins corresponding to this set of particles.

Ejectile GiBUU UrQMD INCL-++
A<01[A<02]A<01][A<02]A<01]A<02

P 39% 65% 13% 25% 5% 19%
7wt 28% 58% 19% 33% 27% 35%
T 12% 28% 45% 68% 33% 63%
p] 18% 52%
t 43% 76%

[ d+t H | H | | 27% [ 60%

(p+r +7 [26% [49% 2% [43% [ 16% [39%
pHTt T+ 19% 43%
d+t
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e 7w~ data are reproduced "well and moderately" in more than in 50%
by UrQMD (68%) and INCL++ (63%) whereas GiBUU is less efficient
in this respect. It describes in acceptable manner only 28% of the
cross-sections.

It was recently announced [88] that the version of UrQMD model used in
this analysis is biased with the error influencing the absolute values of pion
spectra by about 15%. Since before completing and submission of this thesis
the corrected version of UrQMD has not been provided it was decided to
keep here the results of the simulation with the use of UrQMD model in its
currently available state.

Taking into account the values of discrepancies between the UrQMD re-
sults and the experimental pion data shown in this work the correction of
the theoretical results in the range of 15% will not change significantly the
conclusions about predictive power of this model.

The studies of the p+ Nb reaction at 3.5 GeV based on the data collected
in HADES experiment and presented in the last two chapters aimed at bet-
ter understanding of the dynamics of initial phase of proton - target nucleus
reaction and mechanisms acting during this phase of collision. Due to com-
plication of the examined type of reaction the reasoning in this respect is
difficult. The derivation of meaningful conclusions is possible only by means
of comparison of the shapes and magnitudes of experimental distributions
with the theoretical prediction. The examined observable must be sensitive
to the mechanisms of interest.

For this aim the angular dependence of energy distributions of the main
reaction carriers (p, 71 and 7~ ) and the lightest composite particles (d and t)
have been measured and compared to the leading contemporary theoretical
models (GiBUU, UrQMD, INCL++).

These models differ in the range of approximations of the physical phe-
nomena. Also the level of quantum-mechanical description of the colliding
system is different in all these models. But all of them assume that the initial
phase of collision proceeds as a sequence of binary interactions among the
reaction participants whereas the probability and the final states of individ-
ual interactions are governed by the cross-sections measured for interactions
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in the vacuum.

The presented above comparison of the experimental and theoretical
cross-sections indicates that in general all models are able to reproduce the
shapes of the experimental distributions. But they differ in magnitudes and
these discrepancies remain usually within a factor of ~ 2. Moreover, the
discrepancies of data description, for each model, varies incoherently with
the type of produced particle, its energy and emission angle.

Mechanism of surface coalescence responsible for clustering in INCL++
models, which anyway suffers from usage of an arbitrary selected and tuned
free parameters is only partially able to reproduce the experimental distri-
butions of d and t spectra.

In general it seems that the assumption about intranuclear cascade as a
sequence of binary interactions supplemented with a coalescence for cluster
production is to some extent justified. But such scenario of the first step
of spallation reaction does not fulfill all the degrees of freedom needed for
reproduction of the experimental data.

Thus, it has to be concluded that at the current stage of the theoretical
examination of intranuclear cascade the precision of the models is still not
sufficient in order to define all mechanisms responsible for energy dissipation,
particle production, their emission and clustering of nuclear matter.
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Mechanisms of isotropic emission
of IMF and heavy target
remnants

It was shown in the chapter {4] that all examined models of the first reac-
tion stage, i.e. INCL-++ [10], UrQMD |12, |13] and GiBUU |[11] are almost
equivalent in description of the double differential cross-sections for produc-
tion of light charged particles (LCP). Among these models, the INCL++ has
the technical advantage that it can be easily coupled with the de-excitation
models such as ABLA [20], GEMINT |21, 22|, GEM |23} 24| and SMM |[25].
Moreover, a hypothesis of coalescence is included for the formation and emis-
sion of lighter composite particles (A<8) during the first stage of reaction.

In this chapter, presented are the results of the analysis of 36X e+ p reac-
tion at energy of 1 GeV /nucleon [89], confronted with the model predictions
for the emission of intermediate mass fragments (IMF) and heavy target
residues.

The present analysis was performed in the framework of the two-step mi-
croscopic models. The first step of the reaction was simulated by INCL++
(v5.3), which describes the intranuclear cascade of nucleon-nucleon and pion-
nucleon collisions. This process leaves an excited heavy remnant in the equi-
librium stage. Later, the de-excitation of the equilibrated heavy remnant is
simulated by 4 different theoretical models |20} 22, 24, |25].

The data studied here cover a very wide range of produced elements,
from Li (Z = 3) to Ba (Z = 56). This work is a continuation of the recent
study [87], where the same reactions were analyzed at lower energy (0.5
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GeV /nucleon). At that time, the examined data [90] included only heavy
reaction products, i.e. nuclei from Nb (Z = 41) to Ba (Z = 56). It was
found that all the used theoretical models provided reasonable qualitative
agreement with the data, although perfect quantitative agreement was not
achieved.

5.1 Analysis of isotopic cross-sections

The calculations of the isotopic production cross-sections measured by Napoli-
tani et al. [89] for the system ¢ Xe+p at 1 GeV per nucleon were performed
with default values of the parameters of all the models. Therefore it was
possible to judge about the predictive power of the applied models. Results
of the calculations are presented in figures and for light (2 < Z
< 15), intermediate mass (14 < Z < 33) and heavy (32 < Z < 57) reaction
products, respectively. The qualitative agreement of the theoretical cross-
sections with the data will be discussed below for each range of the products
separately.

It is obvious from the inspection of fig. that the GEM2 model un-
derestimates systematically all the data. Furthermore, the theoretical cross-
sections decrease much faster with increasing of the atomic number Z than
the data. In result the theoretical cross-sections of GEM2 are negligibly small
for Z > 9.

The isotopic cross-sections predicted by other models do not deviate so
significantly from the data. Especially, there is not visible such a systematic
underestimation of the data as well as its increase with the atomic num-
ber. All the models produce bell shaped mass distributions of the isotopic
cross-sections similar to the distributions of the experimental cross-sections.
However, none of the models reproduces exactly the behaviour of the data.

Absolute values of the cross-sections predicted by ABLAO7 for Z < 9 are
smaller than those of the data (with exception of the carbon and oxygen iso-
topes which seem to be well reproduced). The shape of the mass distributions
is reasonably well reproduced for given element with exception of fluorine,
where the distribution is shifted towards small masses, and aluminium as
well as silicon, where the theoretical distributions are too broad.

The SMM model systematically under-predicts the cross-sections for heav-
iest isotopes whereas it overestimates the cross-sections for lightest isotopes
(with exception of nitrogen where all the models do not work well).
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GEMINI++ seems to produce proper width and position of the cross-
section distributions, however, it usually under-predicts values of the cross-
sections.

The situation is different for elements with 14 < 7Z < 33. The experimental
and theoretical mass distributions of the isotopic cross-sections are presented
for these elements in fig. As can be seen there the GEM2 model does not
produce any elements with Z < 30 (Zn). Starting from Zn the theoretical
cross-sections evaluated with GEM2 appear to be non-negligible but they are
more than one order of magnitude smaller than the experimental ones. Thus,
the GEM2 cross-sections for the discussed range of elements are completely
unrealistic.

Other models predict the cross-sections which are of the same order of
magnitude as the data and, furthermore, the shapes of the mass distributions
of the theoretical cross-sections are similar to the shapes of experimental
distributions. Nevertheless the systematic deviations of the theoretical cross-
sections from the data are observed.

The mass distributions produced by ABLAQ7 are too broad in the com-
parison to the experimental ones. This always leads to the overestimation
of the isotopic cross-sections for all isotopes with mass larger than the most
populated one and frequently also for isotopes with the smallest masses.

The opposite situation is observed for the cross-sections predicted by the
SMM model. In this case the cross-sections for isotopes with the smallest
mass are systematically overestimated whereas those for the largest masses
are systematically underestimated. Thus, in spite of the similarity of the
shape of the mass dependence produced by the SMM model and that ob-
served in the experiment, the absolute values of the cross-sections are sys-
tematically overestimated or underestimated by the model.

Position of the maximum of the mass distribution of the isotopic cross-
sections as well as its width is in most cases well reproduced by GEMINI++,
however, this model systematically under-predicts the absolute values of the
cross-sections. This is most pronounced in the neighbourhood of the maxima
of the distributions.

The following qualitative conclusions may be derived from inspection of
fig. which presents the isotopic cross-sections measured and calculated
for the elements with 32 < Z < 57. The magnitude of the cross-sections
predicted by GEM2 model increases with increase of the atomic number of
the products. At Z = 33 the model cross-sections are an order of magnitude
smaller than the experimental ones but starting from Z = 40 they start to
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Figure 5.1: Isotopic cross-sections of IMFs with Z = 3-14 from 3¢Xe+tp
collisions at energy T(**9Xe) = 1000 A MeV [89] (black dots) together with
predictions of the INCL++ (version 5.3) model for the first stage of the
reaction coupled to four models of the second stage of reaction: ABLAO7
(blue solid line), GEM2 (orange dashed line), GEMINI++ (red dotted line)
and SMM (green dashed-dotted line). Note the absence of the theoretical
values provided by GEM2 for elements with Z > 10.
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Figure 5.2: The same as in fig. , but for Z = 15-32. Note the absence of
the theoretical values provided by GEM2 for elements with Z < 28.
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Figure 5.3: The same as in fig. , but for Z = 33-56.
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agree quite well with the data. The shape of the mass distribution of the
isotopic cross-sections predicted by GEM2 for Z > 40 becomes quite similar
to that of the experimental one which is smooth and almost symmetrical up
to Z = 47 (Ac).

The other models, i.e., ABLAO7, SMM and GEMINI-++ reproduce well
the shape of the mass dependence and position of its maximum for all ele-
ments starting from Z = 33 (As) up to Z = 46 (Pd). However, the width
of the mass of theoretical and experimental distributions agrees only for
ABLAO7 and GEMINI++. The SMM model usually produces too narrow
distributions.

The experimental mass distributions for the range of Z = 47 to Z = 52
of atomic numbers of nuclides (i.e., Ac — Te) become asymmetric with the
larger values of the cross-sections for the isotopes with large mass number.
This behaviour is only partly reproduced by the theoretical models. All of
them predict too flat distributions in comparison to the experimental ones.

As a consequence the values of the experimental cross-sections agree well
with the model cross-sections for the lightest isotopes of a given element.
They are slightly underestimated for isotopes with average masses and are
significantly overestimated (even two orders of magnitude) for the heaviest
isotopes.

The situation changes for reaction products with the largest atomic num-
bers, i.e., for Z = 53 and Z = 54 (I and Xe). In this case the distribution
of the isotopic cross-sections monotonically increases with the mass of the
isotopes. All the models reproduce this change of the character of the dis-
tributions as well as the magnitude of the cross-sections. The GEM2 model
seems to be the poorest in reproduction of Xe (Z = 54) isotopic cross-sections,
however it describes well the isotopic cross-sections for I (Z = 53) and C's
(Z = 55). The experimental distribution of the isotopic cross-sections for the
element with the largest Z (Z = 56), i.e., for Ba, is systematically overesti-
mated by all theoretical models.

5.2 Predictive power of the de-excitation mod-
els

The detailed discussion of the agreement between model and experimental
isotopic cross-sections presented above does not permit to make a simple,
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general overview of the quality of description of the data by all examined
models. To allow for such an overview the following procedure was applied.

All isotopes for which the production cross-sections were determined in
the experiment [89] are presented as empty circles in the two dimensional
plot (Z-N) in fig. [5.4] The isotopes for which the model cross-sections do not
deviate more than 10% from the data are shown as full circles.

This specific value of the relative deviation was chosen somewhat arbi-
trary taking into consideration that the typical relative errors estimated for
the most abundant isotopes in the experiment [89] are equal to 5%—6% and
do not overcome 20%.

It may be concluded after inspection of fig. that such a representation
allows to observe characteristic behaviour of the quality of data reproduction
by different models:

i) The number of well described data is rather small. About 12% of the
experimental cross-sections are well reproduced by ABLA07, SMM and
GEMINI++ whereas only about 4% in the case of the GEM2 model.

ii) The cross-sections for products with large atomic number Z are more
frequently reproduced by the models than those for products with small
Z. This is especially pronounced in the case of GEM2 where the only
reproduced experimental cross-sections are those for large Z.

iii) In the case of GEMINI++ several neighbouring isotopes of the same
element with the large Z are very well reproduced. This is however
not the case for other models. It indicates that for these elements
GEMINI++ well reproduces the shape of the N-dependence of the ex-
perimental cross-sections (at least for the largest N values, cf. fig. [5.3).
A quite different situation is present for SMM where two or three lines
of well reproduced (Z-N) cross-sections are visible. It is caused by the
fact that the shape of the mass dependence of isotopic cross-sections
predicted by SMM is different than the experimental shape. Due to
this fact the experimental and theoretical N distributions for given Z
are crossing at two or three N values (cf. fig. [5.3)).

iv) The data for elements with 30 < Z < 40 are not reproduced by GEM-
INI++ and GEM2 but the ABLAO7 and SMM predictions agree well
with the data.
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v) The data for elements with 20 < Z < 30 are not described by GEM2
and ABLAO7 whereas SMM and GEMINI++ work well for this range
of the atomic number.

vi) Isotopic cross-sections for elements with 10 < Z < 20 are not reproduced
by GEM2 but some of them are well described by other models.

It is worth emphasizing that different models describe well different isotopes
for this range of atomic number: GEMINI++ is good for the smallest N-
values whereas ABLAO7 and SMM for average N. ABLAO7 and SMM repro-
duce well the maximal isotopic cross-sections for given Z. This specific be-
haviour is caused by the shift of the mass distributions produced by ABLAO7
and SMM towards small N values with respect to the experimental distribu-
tions - cf. fig. p.1}

Another representation of the quality of the model predictions for the
isotopic cross-sections is application of the A-factor (defined in chapter ,
formula . As it was discussed there values of the A-factor for well pre-
dicted cross-sections are close to zero.

The A-factor values calculated in this investigation for all the data and
for corresponding combinations of models are presented in fig. [5.5]

As can be seen in this figure the A-factor evaluated for the GEM2 model
cross-sections differs strongly from all others cases. It has values close or
equal to one for all elements with Z between 9 and 30. This is due to the fact
that GEM2 does not produce ejectiles in this range of the atomic number Z.

Other models, which better reproduce the data provide smaller values of
A-factor varying between 0.1 and 0.6.

The following interesting conclusions may be derived from inspection of

fig. b.5

i) The data with 47 < Z < 55 are equally well reproduced by all the
models. This is the range of elements which are mainly produced by the
evaporation of nucleons from the excited remnant of the intranuclear
cascade.

ii) For products with 40 < Z < 47 the GEMINI+4+ model is the best
in reproducing the data. The SMM is the worst one in this respect.
Results of ABLAQ7 are randomly better or poorer than those of GEM2.
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Figure 5.4: The values (Z,N) of experimentally obtained isotopic cross-section
in for 136 Xe+p reaction at energy 1 GeV/nucleon (empty circles). The
values (Z,N) at which the relative deviation between theoretical (¢'*) and
experimental (c?) cross-sections calculated as 2 - |o'" — g¢P| /(o™ 4 5<P)
is smaller than 10% are marked with full red circles. The left upper panel
contains results of GEMINI+-, the right upper panel contains results of
ABLAOQ7, the left lower panel contains results of SMM and the right lower
panel contains those of GEM2.
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Figure 5.5: Values of the A-factor evaluated according to equation Blue,
open circles represent results obtained for ABLAO7, violet open squares corre-
spond to GEM2, green open triangles to SMM whereas yellow solid diamond
show values calculated for GEMINI++ results.
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iii)

iv)

The ABLAOT gives distinctly the best description of the products with
30 < Z < 40. GEMINI++, SMM and GEM2 lead to the poorer re-
production of the data with the quality decreasing in the indicated
sequence.

The situation changes for products with 18 < Z < 30 where the GEM-
INI++ offers the best description of the data. ABLAO7 and SMM
compete to provide second the best reproduction of the experimental
cross sections. The GEM2, which does not produce ejectiles for this
range of atomic number is completely not applicable.

The lowest range of atomic numbers, i.e., Z < 19 seems to be the best
described by ABLAO7 whereas GEMINI++ and SMM give comparable,
slightly poorer description.

Table 5.1: Ranks of theoretical predictions of examined in this study models
for isotopic distributions of residua from Xe+p collisions at 1 GeV /nucleon
[89] according to values of the A-factor. For explanation see text.

The ranks of the models
ABLAQ7 \ GEM2 \ GEMINI++ \ SMM

5L 4 1 2

Ejectile
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Continuation of Table |5.1|

Ejectile

| ABLAO7 | GEM2 [ GEMINI++ | SMM

goCa
21 Sc
22Ti
23V
24CI‘
25Mn
QGFG
27CO
28Ni
QQCU
30Zn
31 Ga
32Ge
33AS
34S€
35Br
36KI'
37Rb
3881"
39Y
40Z1"
41 Nb
42MO
43TC
44RU.
45Rh
4Pd
17Ag
48Cd
491n
5OSn
51 Sb
52T€

53I
54X€
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Continuation of Table |5.1|
Ejectile | ABLA0O7 | GEM2 | GEMINI+—+ [ SMM

55Cs 2 4 2 1
s68a 2 4 2 2
| Sumof ranks | 116 | 195 | 91 | 138 |
’ Average rank: H 2 ‘ 4 ‘ 1 ‘ 3 ‘

To summarize this analysis quantitatively, the ranks of the models based
on values of the A-factor were collected in table B.1l A smaller rank of the
model for a given element means that the model leads to a smaller value of
A-factor, thus provides the better description of the data.

If two models give practically the same value of the A-factor then the
arithmetic average of their ranks is quoted in table for both models.

The sum of the ranks for a given theoretical model for all observed el-
ements can be treated as a quantitative measure of the quality of its data
description.

As can be learn from table the quality of the overall description of
the examined data is the best for GEMINI++ (sum of the ranks is equal to
91). The second place in the description of experimental data is granted to
ABLAOQ7 (sum equal to 116). The third in this respect is SMM (sum equal
to 138) and the poorest description of the data is obtained with the use of
GEM2 model (sum of ranks equal to 195).

5.3 Conclusions about examined second step
reaction models

A very rich set of production cross-sections (over 600) measured by Napolitani
et al. [89] with isotopic identification of the products for ¥ Xe+p collisions
at 1 GeV per nucleon was compared with predictions of a two-step reaction
scenario simulated with microscopic theoretical models.

The first stage of the reaction was analyzed in the frame of the INCL++
model [9]. It treats the proton-nucleus collision as a sequence of nucleon-
nucleon and nucleon-pion collisions leaving the equilibrated, excited remnant
nucleus.

The description of the second stage of the reaction was tested with the use
of four different models: ABLAO7 [20], GEM2 |23, 24], GEMINI++ |21} 22]
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and SMM [25]. They assume different scenarios of the de-excitation process
of the intranuclear cascade remnant.

All calculations were performed using the default values of the applied
theoretical models with the aim to study the predictive power of the models
in respect to the determination of isotopic cross-sections.

It was found that ABLA07, SMM and GEMINI++ reproduce the main
properties of the Z and A dependence of the cross-sections for reaction prod-
ucts which cover very broad range of elements (from 3Li to 56Ba) whereas
the GEM2 gives comparably good predictions only for lithium and for the
elements with large atomic number (Z > 40).

This is illustrated by figs. [5.1} and [5.3] which present the data and
the theoretical cross-sections for separate ranges of atomic number 7Z of the
products. Inspection of these figures allows to estimate qualitatively the
agreement between the data and the model predictions.

A very good quantitative reproduction of the experimental isotopic cross-
sections, i.e., such which results in the relative deviation between the data
and the model cross-sections smaller than 10%, was achieved only for a small
part of all the cross-sections as it is shown in fig.

The models ABLA07, SMM and GEMINI-++ offer such a perfect repro-
duction of data for approximately 12% of the products whereas GEM2 only
for approximately 4%. This suggests that the models under consideration
cannot be approved if the main criterion would be the perfectness of the
cross-sections prediction for isotopically resolved reaction products.

Better but also not perfect prediction of the cross-sections was found when
the average agreement over isotopes of given element is considered. Such a
quantitative comparison of the model and experimental cross-sections was
achieved by the application of the A-factor which was described in chapter
[

The Z-dependence of the A-factor presented in fig. shows that the
production cross-sections of elements with largest atomic numbers are equally
well reproduced by all applied models. The situation changes for smaller
atomic numbers. Then the different models assure the best description for
different ranges of the atomic number of products.

The ranking of models based on achieved values of the A-factor was made
(cf. table which clearly shows that the averaged over isotopes and el-
ements agreement between the data and experimental cross-sections is the
best for GEMINI++. The ABLAO7 and SMM produced poorer average
agreement and the GEM2 is the worst.
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These conclusions agree with result obtained in the work [87] in which
the analysis of the data measured at lower energy, i.e., 500 MeV per nucleon
for the same nuclear system were investigated. But then only elements with
Z > 40 were studied.

5.3. Conclusions about examined second step reaction models 114



Chapter 6

The yields of non-equilibrium and
equilibrium processes in
spallation reactions (IMF)

6.1 Introduction

In chapter [4 the predictive capabilities of the different spallation models
describing the first stage of reaction were tested with a new measured data
set for production of p, d, ¢, 7™ and 7~ in reaction of p+Nb.

In chapter |5 the models of de-excitation of products of the first stage of
reaction are validated. It is done by means of simulations of the isotopic
total production cross-section of IMF and heavier residues of atomic number
from Z = 3 to Z = 56. They were produced in the reaction of ¥*Xe+p at
Xe beam energy of 1 GeV /nucleon.

In all the above studies a two-step mechanism of the reactions was postu-
lated. The first stage of the collisions proceeded as non-equilibrium process
- cascade of nucleon-nucleon and nucleon-pion interactions which lead to a
single, equilibrated but excited heavy remnant nucleus. This nucleus in the
second stage of the process could evaporate nucleons, light and heavy parti-
cles and could as well undergo the fission or (multi-)fragmentation.

As it was described in the previous section, such scenario of the reaction
was able to reproduce the main properties of the mass dependence of total
isotopic cross-sections.

Furthermore, two specific observations might be done as concerns models
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of the second step of the reaction:

(i) the best reproduction of the data is assured by GEMINI++ model, and
(ii) the GEMINI++ is the only model which provides the cross-sections values
not overestimating the experimental ones.

Very similar observations were published in [91] after investigation of
huge set of experimental data for p+Ag collisions at beam energy of 480
MeV, measured by Green et al.|29].

The first observation may lead to the conclusion, that the mechanism
realized in GEMINI++ is the closest to reality. The second observation may
indicate that some additional mechanisms besides the equilibrium processes
are necessary in the second stage of the spallation reaction.

Such non-equilibrium processes were indeed observed in proton induced
spallation on many target nuclei starting from Al [86] , Ni [85], to Ag [82]
and Au [26].

Unfortunately, no microscopic models of such processes exist. Thus, the
observed phenomena were described by phenomenological models of mov-
ing source which parameters must be adjusted to the experimental double
differential cross-sections d*c /dQdE.

In the present chapter the extension of the studies described in the pre-
vious chapters is proposed. It consists in supplementing of the microscopic
contributions realized by INCL++ (for the first stage of reaction) and GEM-
INI++ (for the second stage of the process) by the phenomenological moving
source contribution. The properties of moving source are determined from
the fit to the experimental double differential cross-sections d*c/dQUdE of
p+Ag collisions at 480 MeV proton energy, provided by [29].

The main motivation of this chapter is to further investigate the same
data in order to search for the missing contribution of the possible processes,
understand their nature and their dependence on the properties of the emit-
ted particles in terms of A, Z and the third component of the isospin Tj.

To achieve this goal, it is of utmost importance to calculate the total pro-
duction cross-section of the IMF with possibility to extract the contribution
of the non-equilibrium stage.

In the experiment of Green et al. [29]|, the double differential cross-
sections (d?c/dQdE) were measured for different scattering angles ranging
from 10° to 160°. The differential cross-section has a smooth energy and
angle dependence, so interpolation and extrapolation of the cross-sections
for different emission angles were performed in order to determine the total
cross-section.
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6.2 Extracting the experimental total produc-
tion cross-sections

The source of missing mechanism and its contribution to the total cross-
section can be evaluated using the phenomenological models. To reconstruct
the total production cross-section from experimental data, the simulated
cross-section values of GEMINI++ (d%0/dEdS2) were supplied by incoher-
ent addition of isotropic emission from highly excited Maxwellian source (or
two sources) moving along the beam direction.

The source parameters: velocity, an apparent temperature T, its con-
tribution to the total cross-section, and the parameters responsible for the
Coulomb barrier that hinders the emission of ejectiles from the source were
chosen to reproduce the experimental spectra of the given ejectiles at all
scattering angles simultaneously. Details of the moving source model and
the interpretation of its parameters can be found in the appendix of Ref.
[83].

The data were reproduced very well, with most of the data achieved using
only one moving source contributions. This is illustrated by fig. in which
experimental (filled circles) and model (lines) energy spectra of O particles
are depicted at three scattering angles: 20°, 90° and 160°. As can be seen, the
equilibrium emission evaluated according to GEMINI+—+ [21] 22| coupled to
INCL++ [10] model (solid, blue line) gives practically isotropic contribution
whereas the non-equilibrium emission represented by single moving source
(dashed, red line) dominates at forward scattering angles but it is much
smaller than equilibrium cross-sections at backward angles. The sum of both
contributions (solid, black line) satisfactorily well reproduces the data.

Only the 10 lightest IMF among all 39 studied particles, i.e., %7Li,
1910pBe 101LI2B and 112C needed application of two moving sources for
the good reproduction of energy spectra at all investigated scattering angles
from 20° to 160°. An example of obtained quality of the data reproduction
is presented in fig. where the energy spectra of ? Be emitted at the same
scattering angles as in fig. [6.1], i.e., 20°, 90° and 160° are shown.

The equilibrium emission contribution represented by solid, blue line is
in this case significantly smaller than the data for all scattering angles. For
forward scattering angle and small energies the slower of both moving sources
gives dominating contribution - shown as a dashed, red line - whereas the
contribution of faster of the moving sources - depicted as a dotted, magenta

6.2. Extracting the experimental total production cross-sections 117



Chapter 6. The yields of non-equilibrium and equilibrium processes in spallation
reactions (IMF)

1024
1074
104

10°4

104

® data
1021 ©=90" " gemmi

do/dQdE [mb/srMeV]
=)
IS
1l

104

® data
1021 ©=160" __ Gemmi

1074
104

1074

104

1 (30 150
E [MeV]

Figure 6.1: Experimental data (dots) and theoretical spectra for Ag(p,'80) at
three scattering angles: 20° (top panel), 90 ° (middle panel) and 120° (lower
panel). The blue (solid) line represents GEMINI++ spectra, the red (dashed)
line depicts contribution from additional moving source (S2), whereas the
black (thick solid) line shows sum of both contributions.

line - reproduces the high energy tail of the spectrum.

The situation is different for large scattering angle where the slower mov-
ing source dominates again for small energies but it gives comparable to the
faster source contribution to the cross-section at high energies. This is a typ-
ical situation for all analyzed spectra for which introduction of two moving
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Figure 6.2: Experimental data (dots) and theoretical spectra for Ag(p,? Be)
at three scattering angles: 20° (top panel), 90° (middle panel) and 120° (lower
panel). The blue (solid) line represents GEMINI++ spectra, the red (dashed)
line depicts contribution from slower moving source (S2), the magenta (dot-
ted) line shows contribution of the second, faster source (S3) whereas the
black (thick solid) line shows sum of all contributions.

sources was necessary.

The procedure described above enables to obtain the non-equilibrium
production cross-section of IMF equal to the parameter o5 of the slow moving
source (or to the sum of o9 and o3 - the appropriate parameters of both
moving sources). Furthermore, sum of the equilibrium production cross-
section evaluated by means of GEMINI++ and the above non-equilibrium
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cross-section provided value of the total production cross-section.

The total cross-sections due to INCL++ [10] coupled to GEMINI++ |21,
22| as well as the total cross-sections obtained by fit of moving sources are
presented together in fig. as a function of the atomic mass number of ejec-
tiles. In the lower panel of the figure the equilibrium emission cross-sections
ogemini are shown. In the middle panel the non-equilibrium cross-sections
parameterized by slower of the moving sources oy are depicted, whereas that
due to the faster moving source o3 are shown in the upper panel of the figure.
The cross-sections for individual elements are presented by the same symbols
and are connected by lines.

It is clear that the cross-sections decrease in average as a function of
the atomic mass number, however, this dependence of the cross-sections is
non-monotonic, parabola - like for each individual element.

6.3 Ratio of onrq/0ToT as a function of atomic
mass number A

It is important to note that the mass number A of the maximal cross-section
determined by the INCL+GEMINI model for given element is not always
the same as the mass number A at which the maximal cross-section of the
non-equilibrium emission appears. Furthermore, variation of the equilibrium
cross-sections with the mass number seems to be more rapid than variation
of the corresponding non-equilibrium cross-sections.

Therefore it is quite difficult to predict how complicated may be the
mass dependence of the ratio of non-equilibrium cross-sections to the total
production cross-sections ongq/oroT, i.e. to the sum of the equilibrium and
non-equilibrium cross-sections.

The quantified values of the ratios are shown in fig. as a function of
the atomic mass number A of produced IMF. Different symbols connected
by thin lines indicate the values of the ratio for the corresponding elements
listed in the description on the right side of the figure.

The same symbol depicts results obtained for various isotopes of a given
element. The horizontal line placed at 0.5 value of the ratio divides the set
of all isotopes into two groups: one with the ratio corresponding to the dom-
inance of the equilibrium processes and the second of the opposite property.

The following properties of the ratio of the non-equilibrium cross sections
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Figure 6.3: Production cross-sections of intermediate mass fragments evalu-
ated by means of the INCL++ model coupled to the GEMINI++ one (lower
panel), production cross-sections oy from the phenomenological slow moving
source (middle panel) and those (03) due to the fast moving source (up-
per panel). Different elements are distinguished by using different symbols
whereas various isotopes of the same element are represented by the same
symbol.
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Figure 6.4: Atomic mass number A dependence of the ratio of non-
equilibrium production cross-section to the total production cross-section for
intermediate mass fragments emerging from p + Ag collisions.

to the total cross-sections may be easily derived from this figure:

e The ratios larger than 0.5 are about 2 times more abundant than those
smaller than 0.5. This is true for both small and large values of the
atomic mass number A.

e Values of ratios close to 0.5 appear mainly at average mass number (A
~ 17) whereas those at smaller as well as at larger mass numbers are
grouped into two separate sets. One set of the isotopes with the ratios
smaller than 0.5 and the second set with the ratios larger than 0.5 for
the same A values.

Such a specific dependence of the ratio ongq/orTor indicates that there
exists no single monotonic trend of this ratio versus mass number A for all
studied isotopes. One has to find some additional criterion which might
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Figure 6.5: Atomic mass number A dependence of the ratio of non-
equilibrium production cross-section to the total production cross-section
for intermediate mass fragments emerging from p + Ag collisions. Left upper
panel of the figure presents the results for even-even (Z,N) products whereas
other panels (in clockwise direction) contain results for even-odd, odd-even
and odd-odd products. Different symbols are attributed to values of the ra-
tio corresponding to different values of the third component of the isospin
T3=(N-Z)/A of ejectiles. Dashed lines are drawn to guide the eye.

select the isotopes into groups behaving in the same way when treated as a
function of the mass number.

Two specific properties of the emitted intermediate mass fragments were
applied for this purpose:

(i) the even/odd number of protons and neutrons - constituents of the
IMF, and
(ii) the third component of the isospin of the fragment T3 = (N-Z)/2 repre-
senting excess (deficiency) of the number of neutrons in respect to the number
of protons.
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For this purpose all reaction products were divided into 4 subgroups of
definite (Z,N): (even - even), (even - odd), (odd - even) and (odd - odd). The
atomic mass dependence of the ratio ongq/oror was presented for these
subgroups in separate panels of the fig. [6.5} the upper-left panel for even-
even (Z,N), the upper-right one for even-odd, etc., in the clockwise direction.
It turned out that the ratio oxgq/oror behaves in a very regular way for
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Figure 6.6: Atomic mass number dependence of the production cross-sections
of intermediate mass fragments emerging due to non-equilibrium processes
from p + Ag collisions. Left upper panel of the figure presents the results
for even-even (Z,N) products whereas other panels (in clockwise direction)
contain results for even-odd, odd-even and odd-odd products. Different sym-
bols are attributed to values of the cross-sections for fragments with different
values of the third component of the isospin T5=(N-Z)/A. The solid, dashed
and dot-dashed lines are drawn to guide the eye.

each of these selected groups of isotopes (cf. fig. [6.5). Especially, it may be
stated that this ratio decreases in average linearly with the mass number A
of emitted fragment for even-even, even-odd and odd-even intermediate mass
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fragments whereas it increases in average linearly for odd-odd ejectiles.
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Figure 6.7: The same as in fig. but for the total production cross-sections,
i.e. for the sum of equilibrium and non-equilibrium production cross-sections.
The solid, dashed and dot-dashed lines are drawn to guide the eye.

Furthermore, some deviations from such a regular behaviour may be ob-
served for specific values of the third component of the isospin T3 = (N-Z)/2
of the emitted particles. For example, two of the four even-even ejectiles with
T3=0, namely *C' and ?° Ne have much smaller ratio oxpq/oror than other
even-even IMF with T3=0 and all T3=1 particles (cf. upper, left panel of fig.
6.5)).

Second of such deviations is the fact that all T3=3/2 nuclides for even-
odd and odd-even ejectiles have larger oxgq/orTor ratio than that which
characterizes the T3=-1/2 and T3=1/2 nuclides (cf. upper-right and lower-
right panel of the fig. [6.5]).

The third example consists in the systematic deviation toward smaller ra-
tio values of T3=0 ejectiles in respect to the straight line averaging behaviour
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of the odd-odd group of ejectiles whereas the IMF with T3=1 deviate toward
larger ratio values (cf. lower-left panel of the fig. .

While no physical model has been implied by the dependence presented
in the fig. [6.5 the extremely regular behaviour achieved in this analysis
certainly merits further consideration. The above regular variation of the
ongq/oror ratio indicates that the total cross-sections as well as the cross-
section of equilibrium and non-equilibrium processes must behave in a regular
way for the selected groups of IMF.
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Figure 6.8: The same as in fig. but for the equilibrium emission cross-
sections evaluated by means of the INCL++ plus GEMINI++ models. The
solid, dashed and dot-dashed lines are drawn to guide the eye.

To check the above statement the mass number dependences of the cross-
sections for even-even, even-odd, etc., reaction products are depicted in four
panels (ordered in the same manner as in fig. of figs. , and
for pre-equilibrium processes, for sum of pre-equilibrium and equilibrium
processes and for equilibrium emission, respectively.
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As can be seen, the production cross-sections of different mechanisms
behave in very similar manner, when the group of even-odd or odd-even
fragments is taken into consideration (cf. right-upper and right-lower panels
of figs. , and .

Three well separated groups of the cross-sections are visible correspond-
ing to T3=-1/2, T3=1/2, and T3=3/2. Those representing particles with
T3 = —1/2 and T3=1/2 show fast, exponential decreasing of the cross-
sections versus the mass number A whereas the cross-sections of products
with T3=3/2 are almost independent of the mass number.

It should be also noted that the decreasing of the cross-sections for par-
ticles with T3=-1/2 is much faster than that for particles with T3=1/2.

The situation for even-even and odd-odd particles is different in respect to
that described above (cf. left-upper and left-lower panels of figs. and
. The mass dependence of the cross-sections for particles with T3=0 and
T3=1 does not differ as strongly as that of the cross-sections for fragments
with T3=-1/2, T3=1/2 and T3=3/2, however, this difference changes from
mechanism to mechanism.

For non-equilibrium processes (cf. left-upper and left-lower panels of fig.
the difference is almost negligible. It increases for total cross-sections (cf.
corresponding panels of fig. and becomes quite significant for equilibrium

cross-sections (cf. fig. [6.8).
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Chapter 7

Odd-even staggering of total
production cross-section in
spallation reactions

In the chapter 6 the dependence of the total production cross-sections of in-
termediate mass fragments (from Be to Mg) in p + Ag collisions at proton
energy of 480 MeV on mass number A was discussed for different values of
the third component of the izospin of fragments. This total cross-sections
were model independent because they were extracted from integration of the
experimental differential cross-sections d?c/dQ)dE. Furthermore the investi-
gation of similar dependence was performed for model dependent production
cross-section where the equilibrium processes of particle production were de-
scribed by specific model, i.e. by GEMINI++ |21} [22] and the cross-sections
for non-equilibrium processes were found as the difference between the ex-
perimental cross-sections and the GEMINI++ predictions.

In the present chapter another investigation is presented of predictive
power of the INCL++ model coupled to three models of the second stage
of the spalation reaction, i.e. GEMINI4-+ SMM |[25] and ABLAO7 |20]. It
was tested whether these model cross-sections are able to reproduce very
specific phenomenon observed in spallation reactions, namely the odd-even
staggering of the total production cross-sections.

Odd-even staggering (OES) refers to the enhancement of production of
odd Z particles to adjacent even- Z ones (or vice versa). Such an effect has
been observed in many spallation and fragmentation reactions [92-96]. The
main cause of this behavior is not yet fully understood, but it is usually
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attributed to phenomena related to the emission of particles from excited
nuclei, in the context of pairing or mean-field effects (shell effects, nuclear
deformations) that affect the density of nuclear states in the final step of the
reaction processes.

It has been observed that for neutron-deficient nuclei the OES effects
are independent of the nuclear systems (projectile and target mass) and the
beam energies |96]. However, this is not the case for isotopes of neutron-rich
nuclei. Moreover, in the work of Ricchiardi et al [94] it became clear that for
the light fragments the OES effect is strong for the N = Z configuration and
increases with the N-Z difference.

Previous work suggested that the OES and nuclear structure effects can
be studied along the chain of the third component of the isospin (T3 = (N-
Z)/A), where such effects become prominent [96].

In this work, the effects of OES are investigated using the IMF data
measured by Green et al. [29] for which the total production cross-section
for different IMFs was calculated in the previous chapter. The aim of this
analysis is to examine the OES effects as a function of atomic number Z of
the measured IMF for different values of T3 and finally to compare the data
with the predictions of INCL ++(v5.3) plus second stage models (SMM,
ABLAO07, GEMINI +-+).

7.1 0Odd-Even staggering in total production
cross-sections

It is interesting to compare the specific behaviour of total cross-sections as
a function of Z. It was shown on the basis of very rich set of fragmentation
data published for 5¢Fe-+p reaction at E/A=1 GeV that the total cross-
sections reveal very characteristic dependence when presented as function of
Z for individual values of T3 [89]. The cross-sections for even values of Z
are systematically larger than those for odd values when nuclei with even (or
odd) mass number A are taken into consideration.

Such an effect, called odd-even staggering is strong for even-A nuclei and
rather weak for odd-A nuclei. The staggering is most pronounced for T3=0
(for even-A nuclei) and for T5=-1/2 (for odd-A nuclei) decreasing when value
of T3 is significantly different from these values.

As it was mentioned earlier the procedure of determination of the total
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cross-sections applied in the present work is model independent. Thus varia-
tion of the total cross-sections with changing A, Z and T3 should correspond
to the typical behaviour of the cross-sections observed in spallation and/or
fragmentation of other target nuclei by energetic protons.

This is indeed the case as can be seen in fig.
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Figure 7.1: The atomic number Z dependence of total production cross-
sections for even-mass nuclei (left panel of the figure) and for odd-mass nuclei
(right panel). Cross-sections representing intermediate mass fragments with
the same third component of the isospin T3 = (N-Z)/A are shown by the
same symbols connected by thin lines.

Odd-even staggering of the total cross-sections is pronounced for even-A
nuclei and is not visible for odd-A nuclei (fig. . Therefore, it is concluded
that the total cross-sections dependence on A, Z and T3 found in the present
investigation agrees qualitatively with typical behaviour of spallation and
fragmentation data.

To quantitatively discuss the staggering effect of the data and compare
it with the predictions of the models, one needs to introduce a variable (d)
whose value would provide the needed information. This is discussed in the
next section.
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7.2 Dependence of o-function on third compo-
nent of isospin

To quantify OES effect, a procedure proposed by Tracy et al. |97] was applied
in the form given by Ricciardi et al. [94] for the Z-dependence of cross-sections
at a fixed N-Z. The § value greater than zero (less than zero) evaluated by
equation (7.1 gives a relative increase in the cross-section for even-Z (odd- Z)
products with respect to a smooth 7 dependence.

6(Z+3/2) == (=) [(Ly — Lo) — 3(Ly — Ly)] (7.1)

0|

where

L =lIn(o(Z+1))

The § value is assigned on the midpoint of the Z interval from Z to Z+3
where smooth Z-dependence was postulated.

The é-function values are shown in fig. for experimental total cross-
sections (open black squares) and for theoretical cross-sections (solid col-
ored symbols). The theoretical cross-sections were evaluated using INCL++
as the first-stage model and three different second-stage models (ABLAO7,
GEMINI++ and SMM) describing the de-excitation of the equilibrated, ex-
cited residual nucleus from the intranuclear cascade.

As in fig. the delta function values are positive for the cross-sections
of IMF with N=Z (upper left panel of the figure) and N=Z7+2 (lower left
panel) obtained from experimental data. In contrast, the delta function is
negative for IMF with N=Z7+1 (upper right panel ) and N=Z7-+3 (lower right
panel ).

This indicates that the even Z cross-sections for N=7 and N=7+2 are
larger than the smooth trend, while it is the case of the odd- Z cross-sections
for N=7+1 and Z+3. This information is in perfect agreement with the
qualitative conclusions drawn from the inspection of fig. where the
experimental cross-sections are collected.

Moreover, the absolute values of the d-function are close to zero for the
products with N=Z7+-3, while they are drastically different from zero for other
products. This information is again consistent with fig. [7.I] where the Z-
dependence of the cross-section is lowest for N=7+3 (smooth line), especially

7.2. Dependence of d-function on third component of isospin 131



Chapter 7. Odd-even staggering of total production cross-section in spallation
reactions

0.75F N=2 € N=Z+1 -4-- Data

N —-f-- SMM
0.50 e 1 --4-- GEMINT |

AN -4-- ABLA

- ,k_t\ﬁ% \
0.25F e N is -+ ]
A___,-( RN AN
] R . B G R b/ar T . = ) wmt Sy
A AT
L E-=ag s L
—0.25r + %«/ \:'\13‘1,/ i
Y ek~ A
g

—0.50F s i

o : N‘ 75 : : : N} 73 ; ;
0.75} =4 1 =7+ |
0.50F +,—/*~~~$\:\ anseeiie + .

__-m——,*'m:ﬁ::*
i:4 L. \ -4
0.25F 7 SoAT £ i
/ \\%—:Lﬁk +\
] e e T I T Wy A
K Ry %___

—0.25F s i
—0.50F 1 ++ 8

1 1 1 1 1 1 1 1

4 6 8 10 12 4 6 8 10 12

Z Z

Figure 7.2: Plot of the d-function versus atomic number Z of the reaction
products. The open, black squares depict values of the )-function evaluated
for experimental cross-sections whereas magenta, green, and red symbols cor-
respond to the d-function values obtained with the cross-sections of ABLAOQ7,
GEMINI++ and SMM models, respectively.

compared to N=7 and N=Z-+2 (zigzag line). Moreover, the values of the o-
functions for the experimental cross-sections approach zero as the atomic
number Z of the products increases, which is consistent with the general
trend that the OES effect decreases with increasing Z (cf. Ref. [96]).
Despite the general agreement between the sign of the d-function of the
experimental cross-sections and those of all three models, there are also vis-
ible discrepancies between experimental and theoretical d-functions. They
are particularly clear for products with N=Z+2. In this case, the d-function
evaluated for experimental cross-sections decreases from values around 0.3 at
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7Z=4.5 to zero at Z=10.5, while the )-function determined for the GEMINI
-+ cross-sections increases monotonically from -0.05 at Z=4.5 to 0.47 at
Z=10.5. Thus, the tendency of the variation of the experimental J-function
and that of GEMINI +-+ is also not reproduced.

There are clear differences between the experimental and model d-function
for ABLAO7 (the J-function values do not change monotonically) and for
SMM (the d-function values are large and positive for only two points in the
interval 4.5 - 10.5, while they are small and negative at both ends of this
interval). Smaller but also significant differences between experimental and
model )-function exist for reaction products with N = Z. The shape of all
model d-function is almost the same as that of the experimental J- function,
but there are two differences. The magnitude of the experimental and model
0-function values are different, and the position of the maximum of the model
o-function is different from that of the experimental one.

The question arises about the origin of the differences between the 9-
function obtained from the experimental cross-sections and that calculated
from model cross-sections applied in the framework of the two-stage model
with different models describing the second stage of the reaction.

The natural candidate for explaining these differences seems to be the ne-
glect of non-equilibrium processes in the model calculations. They were intro-
duced in a phenomenological way in the overall experimental cross-sections
but are not explicitly present in the model cross-sections. They are only in-
cluded in the evaluation of the cross-sections of light charged particles, which
are not analyzed in the present study. Of course, they affect the population
of residual nuclei after the intranuclear cascade due to the coalescence of
nucleons into ejectiles consisting of less than 5 nucleons. Moreover, such a
coalescence process changes the population of excited states of the residual
nuclei of the cascade.

To check whether an increase in the coalescence of nucleons during the
stage of the intranuclear cascade can significantly modify the d-function de-
termined from model cross-sections, the model calculations were repeated
and extended by the coalescence effect to intermediate-mass fragments with
mass number A equal up to 8. It was found that such a modification has no
significant effect.
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Summary

In this thesis the studies of various aspects of nuclear spallation have been un-
dertaken. Among broad spectrum of not well understood phenomena related
to this kind of reaction the four problems were addressed.

1. The proceeding of the initial phase of the proton target nucleus col-
lision. It is commonly accepted hypothesis, that energy dissipation
inside the struck nucleus and observed abundant emission of fast par-
ticles in spallation reaction is an effect of the intranuclear cascade of
binary interactions among the target nucleus constituents.

Nucleons and pions are the main products of the intranuclear cascade,
i.e. of the initial phase of the reaction. Thus, reliable experimental
data for these particles, measured in broad range of their energies are
necessary to study the initial phase of the reaction. New experimental
data (d?c/dQ2dE) for production of H isotopes and the charged pions
in the p + Nb reaction at 3.5 GeV proton bombarding energy were
obtained. These data were measured in angular range from 20° to 80°
of the laboratory emission angle #. The high acceptance and magnetic
field of HADES spectrometer permitted to obtain the cross-section dis-
tributions exceeding the energy ranges of the data available up to now
in the literature. It was achieved for almost all detected particles and
detection angles. The most significant extension of the measured kine-
matic region was obtained for proton data. The quality of the achieved
distributions has been verified by their comparison to the other world
data of the similar type available in the scientific literature.
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The experimental data have been compared to the results of calcula-
tions performed with the use of three contemporary theoretical models
(GiBUU, UrQMD, INCL++) commonly used in nuclear and particle
physics. All these models adopt the assumption of the intranuclear cas-
cade as a sequence of binary collisions among the reaction participants
embedded in the target nucleus. The INCL++ model is additionally
equipped with the hypothetical mechanizm of surface coalescence per-
mitting the dynamical formation of light nuclear clusters.

The qualitative as well as the quantitative analysis of the predictive
power of theoretical models has been performed. Despite that all the
tested models are able to reproduce the shapes of the experimental
excitation functions the magnitudes of the theoretical cross-sections
differ from the data in almost all examined cases by the factors up to
~ 2.

It can be concluded that the examined theoretical models do not con-
tain all physics ingredients demanded for description of the experimen-
tal spectra of 7, p, d and t with precision better in average than factor
~2.

2. The emission of nuclear fragments of very broad spectrum of masses. It
is believed that this is an effect of the deexcitation of the after-cascade
remnant nucleus and the responsible mechanism acts in the second step
of spallation reaction.

The total production cross sections of heavy and intermediate mass
products of the reaction contain therefore information on both, first
and second stage of the spallation reaction. In the present work the
predictive power of four theoretical models of the second stage of the
spallation reaction (ABLAO7, GEM2, GEMINI++, SMM) have been
studied. For this purpose their ability to reproduce the total reaction
cross-sections for the production of isotopes of the atomic numbers of
3 < Z < 56 from 3Xe + p collisions at an energy of 1 GeV /nucleon
[89] was investigated. In all cases the first step of the reaction has been
simulated with the use of INCL+-+ model.

Significant differences between the results of the models and discrep-
ancies with experimental data have been found. They were quantified
with the use of the A-factor - a tool allowing the numerical comparison
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of the predictive power of theoretical models.

It was realized that for the calculation of cross-sections for isotope
production in the very broad range of masses the predictive power
of GEMINI++ is the highest whereas the GEM2 results differ most
significantly from the data and from the results of other models.

3. The yields of the particles resulting from the first and second phase of
the reaction. The contribution of the non-equlibrium and equilibrium
emission to the total cross-section for the given isotope is a complicated
function of the isospin of emitted particles.

Qualitative properties of the spectra and angular distributions of inter-
mediate mass fragments (particles heavier than *He but lighter than
fission fragments) indicate in many spallation reactions the contribution
of a non-equilibrium mechanism to the reaction. Such a phenomenon
has been studied for the angular distributions published in [29] where
production of Li, Be, B, C, N, O, F', Ne, Na and Mg isotopes was
investigated in p + Ag collisions at a proton beam energy of 480 MeV.

The equilibrium and non-equilibrium components of the cross-section
were established by integration of angular distributions of INCL+-+
and GEMINI++ supplied by phenomenological model of moving source
with parameters fitted to experimental angular distributions, respec-
tively. The remarkable dependence of the relative yield of both emis-
sion classes on the mass A of the emitted fragments and their third
component of isospin T3 = (N-Z)/A was observed.

4. The variation of the total production cross-section known as an Odd-
Even Staggering. This effect is dependent on the charge and mass
relations of the emitted reaction products. Most likely this phenomenon
is relevant to the available density of states during de-excitation of the
excited after-cascade remnant nucleus.

The dependence of the variation of the total cross-section for fragment
emission in the spallation reaction on the third component of isospin T},
called the Odd-Even Staggering (OES) has been realized and examined
for the data obtained from [29).

The examination of the ability of three theoretical models of nucleus
de-excitation (ABLAO7, GEMINI++, SMM) coupled to INCL++, to
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reproduce the observed staggering effect has been done. The d-function
proposed in [96] was calculated both for experimental cross-sections as
well as for theoretical ones. For fragments of N = Z the shape of all
model d-function is almost similar to that of the experimental one, how-
ever the disagreement in magnitudes of all of them has been observed.
For emitted particles of N = Z the deviation between the experimental
and theoretical d-functions is even stronger. It indicates that all ex-
amined models neglect the phenomena responsible for experimentally
observed OES of isotopic cross-sections.

At the current stage of the theoretical examination of the nuclear spal-
lation reactions induced by protons it seems that the precision of the theo-
retical models providing solution for different classes of involved processes is
still not sufficient in order to identify the exact mechanisms responsible for
observed experimental effects and to define the range of their applicability
and contribution to the production cross-section.

Apparently the physics ingredients in all used in this thesis theoretical
models are sufficient to describe the shapes of the experimental spectra of
spallation products. However their magnitudes can be predicted only within
the precision of factor usually about 2.

Provided here new experimental cross-sections of high quality and per-
formed critical analysis of the predictive power of various theoretical models
of nuclear spallation can be an important contribution to the further exten-
sion of understanding of nuclear spallation physics.
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