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Abstract

The double differential spectra d2σ/dΩ dE of protons, deuterons, tritons, 3,4,6He,
6,7,8,9Li, 7,9,10Be, and 10,11,12B were measured at 7 scattering angles: 15.6, 20, 35, 50,
65, 80 and 100 degree in the laboratory system for proton induced reactions on a
silver target. Measurements were done for three proton energies: 1.2, 1.9, and 2.5
GeV. The experimental data were compared to calculations performed by means of
two-step theoretical microscopic models. The first step of the reaction was described
by the intranuclear cascade model INCL4.3 which allows for emission of nucleons
and pions but also for emission of light charged particles (d, t, 3He and 4He) created
by coalescence of the nucleons escaping from the target nucleus. The second stage
of the reaction was described by the Generalized Evaporation Model - GEM2 and
by the Statistical Multifragmentation Model - SMM. Systematic deviations of the
data from predictions of the models were observed. The deviations were especially
large for the forward scattering angles and for the kinetic energy of emitted particles
in the range from about 50 MeV to 150 MeV. It was found that adding a source
moving along the beam direction and emitting isotropically the ejectiles significantly
improves the description of the data. Moreover it was shown that the parameters of
the source vary smoothly with the mass of the ejectiles and are almost independent
of the proton beam energy. The presence of such a source with almost the same
values of its parameters has been observed for p+Ni and p+Au collisions in the
previous studies performed for the same beam energy range. This suggests that the
same important mechanism is lacking in the present day microscopic models for all
target nuclei in the studied beam energy range.



Streszczenie

Podwójnie różniczkowe widma d2σ/dΩ dE protonów, deuteronów, trytonów,
3,4,6He, 6,7,8,9Li, 7,9,10Be i 10,11,12B zostały zmierzone pod 7 ka̧tami: 15.6, 20, 35,
50, 65, 80 i 100 stopni w układzie laboratoryjnym dla reakcji wywołanych proton-
ami na srebrnej tarczy. Pomiary wykonano dla trzech energii protonów: 1.2, 1.9 i
2.5 GeV. Dane doświadczalne porównano z obliczeniami wykonanymi przy pomocy
dwustopniowych, mikroskopowych modeli teoretycznych. Pierwszy krok reakcji był
opisywany przez model wewna̧trzja̧drowej kaskady INCL4.3, który pozwala na emisjȩ
nukleonów i pionów a także na emisjȩ lekkich naładowanych cza̧stek (d, t, 3He i 4He)
tworzonych przez koalescencjȩ nukleonów uciekaja̧cych z ja̧dra tarczy. Drugi etap
reakcji był opisywany przez Uogólniony Model Wyparowania - GEM2 i przez Model
Statystyczny Multifragmentacji - SMM. Zaobserwowano systematyczne odchylenia
danych od przewidywań modeli. Odchylenia były szczególnie duże dla przednich
ka̧tów emisji i dla energii emitowanych cza̧stek w zakresie od ok. 50 MeV do 150
MeV. Stwierdzono, że dodanie źródła poruszaja̧cego siȩ wzdłuż kierunku wia̧zki, emi-
tuja̧cego izotropowo cza̧stki znacznie poprawia opis danych. Co wiȩcej pokazano,
że parametry źródła zmieniaja̧ siȩ gładko wraz z masa̧ emitowanych cza̧stek i sa̧
prawie niezależne od energii protonowej wia̧zki. Obecność takiego źródła z prawie
identycznymi parametrami zaobserwowano dla zderzeń p+Ni i p+Au w poprzednich
badaniach przeprowadzonych w tym samym zakresie energii wia̧zki. To sugeruje,
że identyczny, ważny mechanizm jest pomijany w aktualnie istnieja̧cych modelach
mikroskopowych dla wszystkich ja̧der tarczy w badanym zakresie energii wia̧zki
protonów.



Chapter 1

Introduction

Reactions induced by protons of GeV energies impinging onto atomic nuclei are
very important for many various purposes.

They are very abundant in the cosmic space due to the fact that energetic protons
form the main content of the cosmic rays. Their interaction with the interstellar
matter leads to change of the content of the interstellar matter and the cosmic
rays themselves. The best known example of such an effect is strongly increased
abundance (even 6 orders of magnitude) of lithium, beryllium and boron isotopes
in cosmic rays in comparison to that in the Solar system, cf. fig. 1.1.

Figure 1.1. Abundance of elements in cosmic rays and in the Solar system. [1]

The interaction of energetic protons with atomic nuclei causes abundant emission
of nucleons (both protons and neutrons). Such a process called by G.T. Seaborg
„nuclear spallation” [2] may be used to produce an intense beam of neutrons. Typ-
ically up to 20 - 30 neutrons can be emitted from each collision of proton in GeV
energy range with heavy metalic targets like mercury, tantalum or lead. The intense
neutron pulses may be used for different purposes. For example the neutrons can be
applied in subcritical fission reactors to produce energy in a safe and easy controlled
way using as a fuel not only the uranium or plutonium but also the radioactive waste
from standard fission reactors. Another application of intensive neutron beams is
to build so called „spallation sources” of neutrons which can be used for various
experiments of the solid state physics, biology, material science, etc. Usually the
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neutrons are slowed down before being applied to the final studies. In such experi-
ments the protons are interacting with thick targets in which their initial high energy
is decreasing by interaction with many atomic nuclei present on their way through
the target material. Therefore the knowledge of the cross sections for interaction
of protons with different target nuclei at broad range of energies is demanded. The
experiments devoted to determination of the necessary cross sections for all targets
as well as in a broad range of energies are time consuming and have to be performed
also for exotic, e.g. unstable nuclei. This may be difficult or impossible thus it calls
for application of reliable theoretical models which would be able to interpolate
and extrapolate the present knowledge of the reaction mechanism to other proton
energies as well as for all atomic nuclei.

It is observed in many investigations that spectra of neutrons, light charged
particles (LCP - i.e., isotopes of hydrogen and helium with A 6 4) as well as
intermediate mass fragments (IMF - i.e. particles heavier than LCP but lighter
than fission products) consist of two components: The low energy component which
is almost isotropic, whereas the high energy one is strongly anisotropic - forward
peaked [3, 4]. The present day models of the reaction mechanism assume that the
proton impinging on to the target nucleus initiates an intranuclear cascade of the
nucleon-nucleon collisions which are the source of fast nucleons and/or pions. The
intranuclear cascade leaves the residual nucleus in an excited state what can lead
to emission of nucleons but also heavier, complex particles - LCP and IMF. The
arguments in a favor of such a picture is the fact that dimensions of the wave-packet
representing the proton of GeV energies are smaller than the average distance be-
tween nucleons in the nucleus. The two-step model explains reasonably well spectra
of nucleons as well as the low energy component of the spectra of complex parti-
cles but it was shown that the de-excitation of the target residuum is not able to
reproduce the high energy component of the spectra of complex particles. To solve
this problem it was proposed by Boudard et al. [5] that the high energy LCP are
produced by the coalescence of the nucleons of the target with the nucleon escaping
from the intranuclear cascade. Since this model (INCL4.3) quite well reproduced
the emission of high energy LCP, its extension (INCL4.6) to IMF (fragments with
mass not larger than A=8) have been proposed by Boudard et al. [6]. Again the
significant improvement of the description of the data has been achieved. It was,
however, recently shown [7] that the model does not work well for 6,7,8Li and 7Be
data measured for protons of energy 0.48 GeV impinging on to the silver target. The
character of the spectra (high energy tail of the spectra) and that of the angular
distribution (forward peaked distribution) agrees with the data, however, the slope
of all the spectra is too small, thus the high energy data are strongly overestimated.

Due to the mentioned facts this coalescence model used in INCL4.6 is not ade-
quate for IMF. It still needs improvements which allow for satisfactory description
of existing data and furthermore enable one to achieve such a description for broader
range of target masses and beam energies. To realize this a need appears to col-
lect as much as possible of experimental information which should impose stringent
constraints on all possible models of the reaction mechanism.

It was observed in our previous investigations [8] that a simple model of two
moving sources emitting isotropically (in their c.m. system) is able to reproduce
main properties of the experimental spectra and angular distributions of IMF in
proton induced reactions on Ni and Au targets. Moreover, it was found that free
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parameters of this model change smoothly from Ni to Au target and remain almost
constant for a broad range of proton beam energies (from 1.2 to 2.5 GeV) [8]. A
similar effect has been observed also for LCP, however then the additional contribu-
tion to the fast source has to be included explicitely from the intranuclear cascade
stage of the reaction. In the case of complex LCP this contribution consisted in
coalescence of nucleons escaping from the target nucleus whereas for protons the
emission of protons from nucleon-nucleon collisions has to be taken into considera-
tion. The phenomenological inclusion of the new source of fast LCP required then to
scale down by factor ∼ 0.7 the original emission from INCL4.3 intranuclear cascade
model.

The aim of the present investigation was to study proton induced reactions on
a Ag target which has the mass number intermediate between Ni and Au target.
It should allow for a check whether the same effects are observed for silver target
as those found for light (i.e. Ni) and heavy (i.e. Au) targets with slowly varying
properties of the moving sources.

The following topics are addressed in the present thesis:
� An overview of the current status of knowledge on the spallation reactions is

given in chapter 2.
� Description of the experimental apparatus (the accelerator, scattering chamber

and detection system), the raw data, their normalization are presented in chapter
3.

� Resulting angular and energy distributions are discussed in chapter 4, where they
are also compared to the literature data.

� The theoretical models used in the analysis of the present experimental data
are presented in chapter 5. Results of calculations performed by means of in-
tranuclear cascade model combined with two models of the second stage of the
reaction: evaporation and statistical multifragmentation are described in details
in this chapter.

� The phenomenological analysis of the data performed in the frame of the model
of two moving sources is presented in chapter 6.

� The parameters of the two moving sources obtained for silver target are com-
pared with those previously published for Ni and Au targets. The result of this
comparison is shown in chapter 7.

� The chapter 8 contains the summary and conclusions.





Chapter 2

Review on the current status of knowledge
on reaction mechanism in p-nucleus
collisions at GeV energies

Since the present thesis concerns the reactions involved by protons on the silver
target the actual status of knowledge on the reaction mechanism induced by protons
on that target is discussed in this section. Information on the reaction mechanism
has been extracted from investigations of various observables. The list of performed
experiments on the silver target may be found in the table C.1 in appendix C.

The most abundant experiments were devoted to determination of total pro-
duction cross sections, kinetic energy spectra and angular distributions of emitted
reaction products in inclusive measurements [4, 9–24]. These investigations led to
formulation of several general conclusions concerning variation of the cross sections
with the beam energy („excitation function”), and with the mass of the products
(„mass yield curve”).

One of the most important findings is the leveling of the excitation function of
the production cross sections for all reaction products at proton beam energies larger
than several GeV [25]. This was formulated in more general way as so called „limiting
fragmentation hypothesis” (LFH) which claims that not only total cross sections but
also differential cross sections approach limiting values at high energies [26,27]. The
measurements of differential cross sections are very rare for silver target. The results
which are present in the literature cover the beam energy range lower than 1.2 GeV
(e.g: ref. [12–14]) and higher than 5 GeV (e.g: ref. [4, 20, 24, 28]). The current
state of the double differential cross sections measurements is shown in fig. 2.1. In
this figure the proton beam energy dependence of the total production cross section
of 7Be ejectiles in p+Ag collisions is presented. The full (blue) dots depict the
total cross section values at energies at which the measurements of differential cross
sections are reported in the literature. The open (red) squares show the 7Be cross
sections at those energies at which the present measurements have been done.

The set of measurements of differential cross sections has been reported by N. T.
Porile et al. [30] for the Xe nuclei which atomic mass is only ∼20 % larger than that
of silver. The authors performed investigation of the p+Xe reaction mechanism by
measuring the spectra of intermediate mass fragments at 48.5◦ and 131.5◦ for proton
beam energy from 1 to 19 GeV. It has been observed that the yield of intermediate
mass fragments is energy independent for beam energies above ∼9 GeV what is in
accord with the limiting fragmentation hypothesis. The measured spectra are well
reproduced for such beam energies by the droplet model [31]. At smaller beam
energies the yield of intermediate mass fragments increases with increasing energy.
Furthermore, it was found that for these smaller energies another reaction mecha-
nism must be involved for good reproduction of data (fig. 2.2). The understanding
of this specific mechanism is a challenge for investigators.

The energy dependence of the 7Be total production cross sections shown in fig.
2.1 (solid line) confirms that similar effects as those observed by Porile et al. for
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Figure 2.1. The black line presents the parametrization of the proton beam energy
dependence of the total cross section on 7Be production in p+Ag reaction [29]. The
blue points depict the total cross sections at energies at which the measurements of
differential cross sections are reported in literature. The red squares correspond to
the 7Be cross sections at those energies at which current experiment was performed.

Figure 2.2. The histograms present the energy spectra of fragments with Z=6 emit-
ted at six proton beam energies (depicted on each panel separately) in p+Xe reac-
tion. The curves are fits based on the droplet model. The figure is taken from Porile

et al. [30]
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Figure 2.3. The target atomic number ZT dependence of the contributions of
pre-equilibrium emission relative to the total yield of light charged particles de-
termined by Herbach et al. [32] in p+Ag collisions at proton beam energy 1.2 GeV.
σPE represents yield of LCP for pre-equilibrum process, σEV - yield of LCP for

evaporation emission. The figure is taken from ref. [32].

Xe nuclei are also present in the p+Ag nuclear system at the same region of proton
beam energies. To prove this hypothesis more extended investigations are necessary
which should involve measurements of not only the total but also of the differential
cross sections for different ejectiles. Especially interesting are the data for light
charged particles which usually are very abundant in such reactions and data for
intermediate mass fragments. Such experiments were recently reported by Herbach
et al. [32] for a broad range of atomic nuclei bombarded by protons of 1.2 GeV
energy. The authors discuss the presence of two components in the experimental
spectra. The first one can be reproduced by model assuming evaporation of particles
from excited nucleus formed during collision of proton with the target nucleus. The
second component is not described by the assumed mechanism and its qualitative
behavior is interpreted by the authors as originating from some pre-equilibrium
mechanism. In figure 2.3, taken from ref. [32], the relative contribution of this
pre-equilibrium emission is shown. As can be seen this unknown mechanism is
responsible for a large part of the total yield of the light charged particles. It is
therefore worth performing more involved investigations of such a contribution.
Since the measurements of Herbach et al. were done with rather poor statistics
(especially for intermediate mass fragments) it is very desirable to produce data
which enable one to study angular and energy dependence of differential cross
sections with higher accuracy.

In the case of validity of limiting fragmentation hypothesis, the mass and charge
dependence of the reaction products from proton - silver collisions should be „frozen”
for proton energies larger than about 10 GeV. Total production cross section treated
as a function of mass of ejectile, i.e. the mass yield curve is presented in fig. 2.4
for the silver target at proton beam energy of 300 GeV.

Mass yield curve has a „v-shape” which, according to authors of ref. [33], reflects
the fact that different ejectiles originate from different reaction mechanisms. Heavy
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Figure 2.4. Mass-yield curve for interaction of 300 GeV protons with silver (taken
from Ref. [33]). Black triangles show cross sections from radiochemical measure-
ments [27,34], blue squares represent results of mass spectrometric experiment [35],
, and red circles depict cross sections extracted from interpolation of results obtained

in measurements on Kr and Xe targets [36].

products correspond to spallation residua of the target whereas intermediate mass
fragments can accompany these residua or can appear as the result of multifragmen-
tation.

Similar shapes of mass yield curves were observed also at lower proton energies.
In fig. 2.5 a comparison of mass yield curves obtained at different proton energies
(from 1 GeV to 300 GeV) are shown. In wide range of reaction product masses
(30 . A . 90) cross sections measured at proton beam energies from 11.5 GeV to
300 GeV are almost not distinguishable (lines), what may be used as a proof of
validity of limiting fragmentation hypothesis. Significant differences between cross
sections measured at 1, 3, and 4.9 GeV (points) and those at higher energies of
proton beam indicate that the limiting fragmentation hypothesis does not work at
energies lower than ∼ 10 GeV. It is, however, not clear whether the analog behavior
appears for other reaction products, i.e. light charged particles and intermediate
mass fragments (A . 30) since these experimental data were measured only for
lowest energies.

It is worthy to point out that the mass yield curve for A . 30 can be well
described by a smooth function of A, i.e., the mass dependence is characterized by
a „power-law” behavior of the production cross sections:

σ(A) ∝ A−τ . (2.1)

Similar „power-law” dependence appears when the cross sections are treated as func-
tion of Z. This was discussed for silver target in the paper of S. J. Yennello et al. [17]
where authors shown that the parameter τ varies with the proton beam energy (see
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Figure 2.5. Comparison of the mass-yield curves measured in reaction p+Ag at
different proton beam energies: at 1 GeV (blue squares) by L. N. Andronenko et
al. [37], at 4.9 GeV (red circles) by G. D. Westfall et al. [38], at 3 GeV (black
triangles) and 29 GeV (black dashed line) both obtained by Katcoff et al. [39], at
11.5 GeV (blue dotted line) obtained by G. English et al. [40], and at 300GeV (red

solid line) measured by N. T. Porile et al. [27] and G. English et al. [34].

fig.2.6). Since no data obtained with silver target were available at beam energies
higher than 1 GeV, the authors showed for these energies τ values extracted from
experiments with xenon target. They accepted explanation of the origin of the
energy dependence of τ parameter given by R. E. L. Green et al. [11, 13], who
interpreted variation of the parameter τ with energy of projectile as a change in
reaction mechanism from emission dominated by equilibrium processes at lower en-
ergies to one dominated by non-equilibrium processes at higher energies. Another
interpretation was quoted by A.D. Panagiotou et al. [41], who argued on the basis of
Fisher’s droplet model that the energy dependence of the τ parameter should have a
non monotonic behavior with a minimum at the energy at which nuclear liquid-gas
phase transition appears.

One can see from inspection of fig. 2.6 that the τ reaches a minimal value
at a proton energy around 3-5 GeV. It should be, however, emphasized that the
data at these energies were obtained not with the silver but with the xenon target.
Extrapolation of the τ energy dependence determined by silver target data to higher
energies may not agree with the xenon data. Therefore the final decision concerning
the shape of τ energy dependence, and especially position of its minimum, calls for
new measurements for silver target at proton energies higher than 1 GeV.
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Figure 2.6. „Power-law” parameter τ as a function of proton beam energy. Red
circle [17], blue squares [11,13], and green circle [42] coming from measurements on

silver target, and black triangles [43] from p+Xe reaction.

Summary
This short review of the status of knowledge on the reaction mechanism induced

by protons at various beam energies and targets, reveal the areas where further
investigation should be performed. The following conclusions can be expressed.
� Both, total and differential cross sections rapidly change in the 1-10 GeV beam

energy range. This conclusions is based mainly on the results of measurement
for targets different than silver, especially [30], partially confirmed for Ag by the
Herbach et al. [32] for 1.2 GeV proton beam energy.

� There is a lack of measurements of double differential cross sections d2σ
dEdΩ

for
silver target in the most interesting proton beam energy region 1-10 GeV.

� It was shown by Porile et al. [30] that two different mechanism contribute to
the cross sections at this energy region. The proposed up to now theoretical
description of the observed spectra is not satisfactorily.

Taking into consideration all these facts, it is clear that new data for proton beam
energy from 1 to 10 GeV are desirable. Measurements of LCP and IMF differential
cross sections preformed by C. M. Herbach et al. [32] at proton energy 1.2 GeV for
silver target suggested that this energy to be a natural choice which enable compar-
ison currently measured data with already published. Performing measurements for
two higher energies (1.9, 2.5 GeV) would allow to observe changes in the reaction
mechanism which are expected in the 1-10 GeV beam energy range. It would give
severe constraints for all theoretical models of the reaction mechanism.



Chapter 3

Description of the experiment

The goal of the present study was to investigate experimentally the interaction
of protons with Ag nuclei in the proton beam energy range from 1.2 GeV to 2.5
GeV. Double differential cross sections d2σ

dEdΩ
for production of light charged particles

(LCP) and intermediate mass fragments (IMF) have been measured at 15.6◦, 20◦,
35◦, 50◦, 65◦, 80◦, and 100◦ in laboratory system for proton beam energies 1.2, 1.9
and 2.5 GeV.

3.1. Characteristic of internal beam experiments

The Proton-Induced SpAllation (PISA) experiment was performed using the
internal beam of COSY - COoled SYnchrotron and storage ring of 184 m circum-
ference which is operated in the Research Centre Jülich. The COSY facility allows
to accelerate protons and deuterons to the wide range of momenta from 0.3 GeV/c to
3.65 GeV/c [44]. Several target stations, both internal and external, allow to conduct
measurements. The luminosity of COSY is roughly 1031 cm−2s−1 [45] on an internal
target. Typical approach to prepare the final beam consists of the following steps:
� injection of particles initially accelerated by JULIC cyclotron, into the COSY

ring
� their acceleration to the final momentum, and
� accumulation of particles in the ring.
After this sequence the beam can be cooled down using electron or stochastic
cooling if necessary. The whole process takes several seconds as it was observed
during PISA measurements.
When the beam reaches expected properties it is directed to the internal or external
target stations. In case of experiments on an internal target, the prepared beam is
circulating in the COSY ring below (like in the case of PISA experiment) or above
the target, and finally it is shifted towards the target. The target can be irradiated
gradually, and the speed of the vertical beam moving can be adjusted to fit the
efficiency of the data acquisition system. Schematic plan of the COSY facility is
shown in fig. 3.1, together with target stations of PISA and other experiments.

The internal beam experiment has several very appealing advantages:
� Due to multiple passing of the beam through the target it is possible to obtain

relatively high statistics of the data using a thin target. Such small thickness
assured that the re-scattering and absorption of the reaction products in the
target is negligible small.

� The second advantage is a possibility to control the speed of data registration by
detectors, so one could fully use the performance of the data acquisition (DAQ)
system. This was achieved in the present study by controlling the pace of shifting
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Figure 3.1. The COSY facility with internal and external experiments. [44]

the beam towards the target. The computer controlled beam used the signal from
one of the detectors to establish a negative feedback, see fig. 3.2.

� The most important profit in the case of PISA experiment was assuring the same
experimental conditions for each beam energy used during the measurements. As
it was described to above the COSY facility works in cycles consisted of the se-
quential operations: injection of particles, their accumulation, acceleration, and
finally the controlled beam consuming. It allowed us to change the energy of
the beam from cycle to cycle without modifying other experimental conditions.
Such a procedure assures that the experiment was performed in the same con-
ditions for all three energies: 1.2, 1.9, and 2.5 GeV. Furthermore, it was also
possible to collect similar statistics of events for each energy by carrying out the
measurements in so called super-cycle mode. In this mode several cycles were
alternated for each requested beam energy. Adjusting number of cycles and their
length enabled us to achieve almost the same statistics for all beam energies. It is
illustrated by fig. 3.2 where the green line represents the intensity of the COSY
beam and the red line shows the counting rate of the detector which was used
to establish the negative feedback for computer controlling the speed of vertical
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movement of the beam towards the target. Three cycles at energy 1.2 (three
narrow peaks in the figure) followed by one cycle at 1.9 GeV and one cycle at 2.5
GeV gives roughly the same statistics (area under the red line) for all energies.
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Figure 3.2. Green line presents the intensity of the COSY beam whereas the red line
depicts the counting rate of the detector used to establish the negative feedback.

Both signals are presented in arbitrary units in the real-time scale.

The internal beam experiment involves, however, a series of problems. First of
all, the scattering chamber is then a part of the synchrotron, what means that it
has to assure the same vacuum (of order of 10−8mbar) as that in the COSY ring.
To achieve this the chamber itself and part of the detecting system placed in the
chamber have to be built from very high quality materials. Mounting of the detectors
in the chamber has to be done with closed valves separating the chamber from the
COSY ring and must be followed by intensive pumping which may take quite a long
time.

The second issue is caused by the limited access to the experimental equipment
when other experiments are performed. Thus the detectors, target system, and
some parts of the data acquisition system must be carefully prepared and tested
in conditions which are not exactly the same as those in the COSY ring. Every
change has to be planned and performed quickly during synchrotron maintenance
periods. It means that some devices have to be mounted several weeks before the
internal beam experiment, without an opportunity to change later anything up to
the experiment. Any further modifications of the apparatus (during the experiment)
should be avoided especially if they involve opening of the scattering chamber.

Besides technical problems mentioned above, also the pure physical issues are
raised in front of the scientist. For example, the absolute data normalization cannot
be performed in internal beam experiments according to the standard method used
in external beam measurements, i.e. by determination of the current of particles
impinging on the target and of the target thickness. It has to be rather done by
measuring the cross sections of monitor reactions together with those of the studied
processes.
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3.2. The scattering chamber and the detecting system

To put possibly strong constraints to all theoretical models of the reaction mech-
anism the experimental data should be as exclusive as possible. Therefore in the
present experiment the charge and mass identification of the reaction products was
undertaken. For this purpose the telescopes built of several silicon detectors followed
for some of them by the CsI scintillator detectors have been used. The telescopes
were positioned at the following angles in respect to the beam direction: 15.6◦, 20◦,
35◦, 50◦, 65◦, 80◦, and 100◦.

Figure 3.3. The setup of PISA’s detectors. Detection arms mounted on scattering
chamber which was positioned directly in the ring of COSY. As it is shown, the

target has been rotated by 65◦ in respect to the beam direction.

The crucial part of the experimental setup of PISA was the scattering chamber
shown schematically in fig. 3.3.

The chamber have several ports tipped with the flanges which were used for
mounting the detection arms at the following angles: 15.6◦, 20◦, 35◦, 50◦, 65◦, 80◦,
and 100◦. Three types of detecting arms were used:
� cooled silicon telescopes F3, F4, and F2 at 35◦, 50◦, and 80◦, respectively,
� air-positioned silicon telescopes H2, H3, and H1 backed by CsI scintillator de-

tectors I4, I5, and I2 at 15.6◦, 20◦, 65◦, respectively,
� cooled silicon telescope F1 followed by scintillator detector I1 at 100◦.
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The vacuum part of each detector arm was closed from outside by the 50 µm
stainless steel foil (G1 - G7). The silicon detectors of the telescope at 100◦ were
placed inside the vacuum chamber, whereas the scintillator detector was installed in
air outside the stainless steel foil G1.

A silver target of 580 µg/cm2 thickness has been used. It was turned by 65◦ in
respect to the beam direction to assure approximately the same effective thickness
for products of the reactions flying in direction of all detectors.

3.2.1. Cooled silicon telescopes

The semiconductor telescopes positioned at 35◦, 50◦, and 80◦ were cooled-down
to -10◦C to obtain good energy resolution. Due to this the distinct and unambiguous
(A,Z) identification of products with Z up to 5 was achieved. The energy resolution of
data for elements with 5 < Z 6 8 was poorer because of smaller statistics of the data,
thus only elemental identification has been done. In table 3.1 the energy detection
thresholds and the energy detection ranges are presented for each detection arm with
cooled-down silicon detectors, including that at 100◦. The last silicon telescope was
backed by the stainless steel foil followed by the CsI scintillator detector placed
in air. The use of scintillating detector expanded the detection range of hydrogen
isotopes to higher energies.

Table 3.1. Energy thresholds and ranges (in MeV) of reaction products detected at
various scattering angles for cooled-down silicon telescopes. For telescope at 100◦

the range is larger because of presence of the CsI scintillator detector.

Ejectile Angle [degrees]
35 50 80 100

p 3.5-21.5 3.5-23.5 3.5-6.5 9.5-163.5
d 4.5-36.5 4.5-31 4.5-9.5 13.5-218.5
t 4.5-39.5 4.5-34 4.5-10 14.5-159.5
3He 8.5-97.5 8.5-95 13.5-21.5 9.5-173
4He 9.5-120.5 8.5-119.5 14.5-25.5 10.5-133.5
6He 10.5-115.5 10.5-121.5 15.5-27 11.5-82.5
6Li 17.5-179.5 15.5-174.5 18.5-50.5 18.5-114
7Li 17.5-158.5 16.5-159.5 20.5-55.5 19.5-106
8Li 18.5-108.5 17.5-104 21.5-54 19.5-82
9Li 20.5-62 17.5-53.5 22.5-51.5 21.5-50.5
7Be 25.5-127.5 21.5-138.5 27.5-71.5 25.5-109.5
9Be 26.5-95 24.5-90.5 29.5-80.5 27.5-75.5
10Be 27.5-93.5 25.5-82.5 20.5-81.5 29.5-80
10B 35.5-104 30.5-99 38.5-98.5 36.5-80.5
11B 35.5-119.5 30.5-99.5 39.5-95.5 37.5-91
12B 36.5-78.5 34.5-70.5 42.5-69 39.5-66
C 45.5-116.5 40.5-106 47.5-92 11.5-61.5
N 55.5-97 49.5-88 59.5-85.5 13.5-73.5
O 68.5-92.5 59.5-89.5 68.5-82.5 16.5-73

Semiconductor telescopes have to contain two or more detectors. The first of
the detectors should be as thin as possible assuring the good quality signal. It gives
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information on the differential dE/dx energy loss, whereas other, thicker detectors
in the telescope collect the charge which is proportional to the full energy E of the
charged product. This two quantities are coupled by the following relationship which
contains the atomic Z and mass A numbers of the detected particle:

dE

dx
(E) ∼ AZ2

E
(3.1)

and therefore may be used for (A,Z) identification of particles.

Figure 3.4. The example of collected on-line histograms ∆E-E during PISA experi-
ment. Both axes represent the energy loss in Si detectors in arbitrary units.

The typical ∆E − E histogram built of signals from the first and the second
detector in the silicon telescope, collected during experiment is presented in figure
3.4. As can be seen the points are assembled along the lines corresponding to
different (A,Z) according to formula 3.1. The background is on the acceptable level
and does not influence the identification of particles.

The setup of PISA data acquisition system supports two levels of amplification
for signals from silicon detectors. Thanks to this two histograms were registered
simultaneously during measurements. The first one which covers Z 6 8, and the
second one which contains signals only for the reaction products Z 6 2, see the
upper right corner of the fig. 3.4. Such a method enables us to register as many as
possible different particles and simultaneously to increase resolution for hydrogen
and helium isotopes.

To obtain differential cross sections d2σ
dEdΩ

from such histograms it is necessary to
perform energy calibration which must be done separately for each silicon detector
because it depends on the thickness of the detector and the signal amplification.
The energy calibration was made by fitting two-dimensional spectra (like fig. 3.4)
for all pairs of the silicon detectors.
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The thickness of silicon detectors is presented in table 3.2 together with that of
the stainless steel foils and CsI scintillators.

Table 3.2. Thicknesses of the detectors in the ∆E−E silicon telescopes. Thicknesses
of the separating stainless steel foil and CsI scintillator detector are presented as

well. [46]

Angle Foil Silicon detectors Foil CsI
degree µm µm µm cm
15.6◦ 50 89 1016 1016 89 - 7
20◦ 50 89 1016 1016 89 - 7
35◦ - 48 426 6000 - -
50◦ - 41 398 6000 - -
65◦ 50 84 1016 1016 89 - 7
80◦ - 56 420 - -
100◦ - 52 401 1000 2012 50 7

3.2.2. The scintillator CsI detectors

The silicon telescopes were backed for four angles; 15.6◦, 20◦, 65◦, and 100◦
by a 7 cm thick cesium iodide detector activated with thallium: CsI(Tl) with a
photo-diode readout, which were used to detect high-energy light charged particles
(LCPs) passing through the silicon detectors. The scintillating detector at 100◦ was
separated from silicon telescope by 50 µm stainless steel foil. The telescopes which
contained scintillator detectors worked according to the same rules like discussed
above fully semiconductor telescopes: ∆E − E. The last silicon detector at those
angles where scintillator detectors were used was transparent what allowed to reg-
ister ejectiles without re-scattering effect and without an extra gap in the energy
spectra. The thickness and the kind of material of the mentioned foil were taken
into consideration during the energy calibration.

Since the density (4.5 g/cm3) of the CsI scintillator is larger than the silicon
density it has a higher stopping power. Additionally the scintillator detectors used
in PISA experiment were much thicker than the silicon detectors what enabled us to
measure larger energy range of the spectra than with pure semiconductor telescopes.
The example of the ∆E − E identification spectra obtained by a pair consisted of
the silicon detector and the CsI detector is shown in fig. 3.5.

The energy calibration of the signals from the scintillator detectors where the
light output is a nonlinear function of the energy was made in the following way:
The light output was parametrized with eq. 3.2 as in ref. [47] :

L(E,A,Z) = a0 + a1(E − a3AZ
2ln(

E

a2AZ2
+ 1)) (3.2)

The parameter a0 and a1 were fixed at values specific for the individual detectors,
since they were determined by the electronic setup. The parameters a2 and a3,
which contain information on quenching of the light signal in CsI, were common for
all scintillating detectors. Similarly like for silicon detector parameters were fitted
to the two dimensional ∆E−E spectra where the information about ∆E was taken
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Table 3.3. Thresholds and ranges of the energy (in MeV) of isotopically and el-
ementally identified reaction products detected at various scattering angles for

air-positioned silicon detectors backed by CsI scintillator detectors.

Ejectile Angle [degrees]
15.6 20 65

p 7.5-162 7.5-162.5 7.5-161.5
d 9.5-208.5 9.5-212.5 8.5-213
t 10.5-239.5 10.5-244.5 9.5-246.5
3He 21.5-297.5 21.5-297.5 21.5-297.5
4He 23.5-296.5 23.5-298.5 24.5-257.5
6He 26.5-85.5 26.5-89.5 26.5-86.5
6Li 42.5-147 42.5-149.5 42.5-147
7Li 45.5-156 45.5-156.5 44.5-152.5
8Li 47.5-125.5 47.5-127.5 46.5-118.5
9Li 49.5-103 50.5-109.5 49.5-78.5
7Be 62.5-160.5 62.5-167.5 61.5-148
9Be 68.5-113.5 69.5-126.5 68.5-113
10Be 71.5-130.5 71.5-122 71.5-107.5
10B 90.5-117.5 92.5-125.5 91.5-124.5
11B 94.5-127.5 95.5-134.5 93.5-114
C 10.5-108.5 85.5-100 50.5-101.5
N 12.5-74.5 62.5-95.5
O 14.5-89 74.5-86.5

Figure 3.5. The example of the ∆E −E histogram collected on-line by Si-CsI tele-
scope mounted at the angle of 65◦. Both axes represent the energy loss in arbitrary

units.
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from the silicon detector placed in front of the scintillator detector. The losses of
the particle energies in the stainless steel foil and in the air were taken into account.
The best results of fits were obtained for values of parameters shown in table 3.4.

Table 3.4. Values of parameters common for all scintillators [48].

p d t He
a2 [MeV] 75
a3 [MeV] 157.5 150 135

Figure 3.6 illustrates the increase of the detected energy range due to application of
CsI detector in the telescope.

Figure 3.6. Example of collected on-line histograms dσ
dEdΩ

(in arbitrary units) with
marking the area from both main parts of Si-CsI pair.
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3.3. Normalization of the data

As it was mentioned above the internal beam experiment data must be nor-
malized in a specific manner. In order to obtain absolute normalization of double
differential cross sections d2σ

dEdΩ
for production of light charged particles and interme-

diate mass fragments the cross sections of a monitor reaction should be determined
together with the data of interest.

In the case of PISA experiment the absolute normalization of the cross sections
was obtained from comparison of the value of the total production cross section of
7Be, extracted from measured double differential cross sections with known in the
literature values.

Since the total production cross section of 7Be was very frequently measured
in proton induced reactions it was possible to perform a realistic parameterization
(A. Bubak, et al. [29]) of this total cross section as a function of target mass and
proton beam energy for all targets from 12C to U and for very broad range of proton
energies, i.e., from the reaction threshold up to ∼ 20 GeV. Proton energies used in
PISA experiment (1.2 GeV, 1.9 GeV, 2.5 GeV) belong to the energy range of validity
of the above parameterization as illustrated by fig. 3.7.
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Figure 3.7. The black line presents the parametrization of the proton beam energy
dependence of the total cross section on 7Be production in p+Ag reaction [29]. The
blue circles present experimental 7Be total cross section taken from [29] while the
red squares indicate PISA’s 7Be total cross section values for proton energy 1.2, 1.9

and 2.5 GeV.

The total 7Be production cross section was not measured in straightforward way
in the PISA project but it could be extracted from double differential cross sections
d2σ
dEdΩ

. In order to get total cross section one has to integrate spectra over full range
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of angles and kinetic energies of the ejectile. It was realized by the following method:
The differential cross sections of 7Be used in the integration were measured only for
limited angular range (from 15.6◦ to 100◦ in the laboratory system) and for energies
larger than ∼ 25 MeV (because of the energy threshold of detection of the telescopes
built of silicon detectors). The experimental cross sections were parameterized by
means of two moving source model (described in detail in Appendix A) to allow
for interpolation and extrapolation of the data to angular and energy regions not
measured in the experiment, what was necessary to perform the angular and energy
integration.

Examples of the fits with two moving source model to 7Be data for 50◦ at three
different proton beam energy 1.2, 1.9 and 2.5 GeV are presented in fig. 3.8.
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Figure 3.8. Points - PISA data (p+Ag, 50◦) for 7Be, blue line represents the fits of
the phenomenological two moving source model. The upper panel presents data for
proton beam energy 1.2 GeV, while 1.9 GeV is in the middle and 2.5 GeV in the

bottom panel.
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The angular dependence of the experimental cross sections was very smooth
thus the extrapolation should not introduce any significant inaccuracy of the total
cross section. However, extrapolation of the spectrum to low energy region may
involve larger inaccuracy because variation of the cross section is there quite large.
To decrease possible error of the extrapolation the following constraints were taken
into account: One can expect that the cross section is very close to zero at very
small energies (because of the Coulomb repulsion of 7Be fragment and the emitting
source). It increases with energy reaching a maximum above the Coulomb barrier,
and decreases exponentially at high energies. Such a shape can be well approximated
by Maxwell function used in the moving source model. Furthermore, such a shape of
the energy spectra was observed in the experiments performed in inverted kinematics
[49], i.e., experiments in which heavy projectile was impinging on the hydrogen
target. In these experiments all ejectiles have large enough kinetic energy to be
detected, thus also these parts of the spectra were measured which are not accessible
in the PISA experiment.

Table 3.5. Normalization factors with statistical errors and values of parameters σ
fitted to isotopic spectra .The right column contains values of total cross sections

for 7Be taken from parameterization of literature data published in ref. [29].

Energy Normalization factor σ7Be [29]
GeV mb
1.2 0.0878 (±8.6% stat.) 3.990
1.9 0.110 (±9.0% stat.) 7.078
2.5 0.179 (±10.0% stat.) 9.151



Chapter 4

The experimental results

The data collected by PISA experiment, are presented in this chapter. In the first
section the comparison with the literature data is performed whereas in next two
sections representative examples of light charged particle (LCP) and intermediate
mass fragment (IMF) spectra are discussed.

4.1. The comparison of present data with those from the
literature

It is very fortunate that the proton-Ag reactions were recently measured by
another group (Herbach et al. [32]) exactly at the same proton beam energy as one
of the energy values (1.2 GeV) used in the present experiment. The data of Herbach
et al., contain both, LCP and IMF data thus they can be straightforward compared
with current results. The statistics of data from that experiment is poorer than
statistics of PISA data therefore the present double differential cross sections d2σ

dEdΩ

have to be integrated over the angles or even over the angles and energies of ejectiles,
for comparison to single differential cross sections dσ/dE and total production cross
sections σ of Herbach et al.
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Figure 4.1. Comparison of dσ/dE cross sections obtained by angle integration of
the double differential cross sections d2σ

dEdΩ
for helium ejectiles (the 3He, 4He and

6He data are added) published in ref. [32] (blue dots) and present d2σ
dEdΩ

(red dots)
prepared in the same manner.
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It is clear that both, the absolute magnitude of the cross sections for He as well as
the shape of the angle integrated spectrum agree very well for both experiments. The
same, or even better agreement may be observed for intermediate mass fragments
data, represented in ref. [32] by spectra of lithium and beryllium ions also summed
over isotopes. It can be seen in fig. 4.2.
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Figure 4.2. Angle integrated and summed over isotopes differential cross sections
d2σ
dEdΩ

for production of lithium (upper panel) and beryllium (lower panel) particles.
Blue dots represent data of Herbach et al. [32] whereas the open circles depict the

data from present experiment.

The scatter of points from [32] is larger than that of the present data what
indicates that statistics of the present experiment is better than that of Herbach et
al. Nevertheless, the present data perfectly follow the shape and the magnitude of
the literature data.
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The total production cross sections for all measured, isotopically identified re-
action products obtained in ref. [32] by angle and energy integration of d2σ

dEdΩ
are

compared in fig. 4.3 with the present d2σ
dEdΩ

integrated in the same angular and
energy range. As can be seen the perfect agreement of all isotopically identified
particles was achieved. It should be emphasized that both experiments used com-
pletely different experimental methods, i.e., the present experiment was performed
on the internal whereas the experiment of Herbach, et al. on the external beam with
different detector systems and different method of absolute normalization. Such an
excellent agreement proves that results of both experiments are trustworthy.
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Figure 4.3. Comparison of the total cross sections on 1,2,3H, 3,4,6He, 6,7,8,9Li and
7,9,10Be production. The blue dots present the data taken from [32]. The red squares
show the experimental PISA’s data. Both sets of data are collected from reactions
induced by 1.2 GeV protons on silver target. The double differential cross sections
d2σ
dEdΩ

were integrated over the full range of angles and over the energy range from 0
to 100 MeV.

4.2. Light charged particles (LCP)

The double differential cross sections d2σ
dEdΩ

were measured for three isotopes of
hydrogen (1,2,3H) and three isotopes of helium (3,4,6He) for the following laboratory
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angles (15.6◦, 20◦, 35◦, 50◦, 65◦, 80◦, and 100◦) at three proton beam energies (1.2
GeV, 1.9 GeV and 2.5 GeV). The angular dependence of the cross sections for LCP
is shown in figs. 4.4 and 4.5. The spectra of three isotopes of hydrogen measured
at proton beam energy 1.9 GeV are presented in fig. (4.4) for three representative
angles 20◦, 65◦, and 100◦. The spectra of helium isotopes are shown in the same
way in fig 4.5. It may be seen that spectra consist of two clearly distinguishable
parts. The first of them – the low energy part – is almost independent of angle for
all ejectiles. Thus, the emission of particles with kinetic energy in the range of 0 -
25 MeV is isotropic.
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Figure 4.4. The angular dependence of hydrogen isotope spectra for three chosen
angles measured at proton beam energy 1.9 GeV. The red dots represents data for

20◦, while the green and blue dots depict data for 65◦ and 100◦ , respectively.

The second part of spectra, that for kinetic energy bigger than 25 MeV is angle
dependent. All spectra monotonically decrease in this energy range, however, the
slope of the spectra increases with the scattering angle. This dependence may be
easily explained assuming that the high energy particles originate from the first,
pre-equilibrium stage of the reaction. In such a case they must preserve memory
of the beam direction and therefore they are predominantly emitted in the forward
direction.
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Figure 4.5. The angular dependence of helium isotopes for three chosen angles mea-
sured at proton beam energy 1.9 GeV. The red dots represents data for 20◦, while

the green and blue dots depict data for 65◦ and 100◦ respectively.

The beam energy dependence of the LCP experimental spectra is shown in figure
4.6 for hydrogen isotopes and in figure 4.7 for helium isotopes, respectively. It is
evident that evolution of the spectra with the proton beam energy is very smooth.
Shape of the spectra practically does not change for all isotopes. The only difference
is a slight increase of the magnitude of the cross sections with the beam energy.
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Figure 4.6. The beam energy dependence of the hydrogen spectra for representative
angle 65◦. The blue dots depict the data measured at the beam energy 2.5 GeV, the
green dots represent the data at 1.9 GeV and the red ones correspond to the data

at energy 1.2 GeV.
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Figure 4.7. The same as in fig. 4.6 but for helium isotopes.
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4.3. Intermediate mass fragments – IMF

In the present experiment the intermediate mass fragments were detected besides
the light charged particles. The spectra of isotopically identified 6,7,8,9Li, 7,9,10Be,
10,11,12B as well as elementally identified spectra of carbon, nitrogen, and oxygen were
measured at all three beam energies. The spectra of intermediate mass fragments
behave in very similar manner to spectra of light charged particles. Therefore only
selected, representative spectra are presented in the current section. The figures in
which remaining spectra are shown may be found in the Appendix E.

The spectra of lithium isotopes measured at 35◦, 50◦, and 100◦are presented in
fig. 4.8. Similarly to the hydrogen and helium spectra two energy parts of the
spectra may be distinguished. The low energy part is isotropic whereas the high
energy tail of the spectra become significantly steeper with the increasing scattering
angle.
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Figure 4.8. Evolution of the shape of lithium isotope spectra with the scattering
angle. The red dots represent data measured at proton beam energy 1.9 GeV for
35◦, while the green and blue dots depict the data for 50◦and 100◦, respectively.
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The energy dependence presented in the figure 4.9 shows the same behavior like
described above for the helium and hydrogen. The shape of the spectra is identical
for every isotope. The largest cross sections are at the highest beam energy of 2.5
GeV and the lowest at the lowest proton energy of 1.2 GeV.
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Figure 4.9. Evolution of the lithium spectrum measured at 50◦ with the beam en-
ergy. The blue dots correspond to data measured at the proton beam energy 2.5
GeV, the green dots represent data at 1.9 GeV, and the red ones depict the data for

1.2 GeV energy.

The heaviest registered reaction products are presented in figures 4.10 and 4.11.
The angular and energy dependences of these data are almost the same as those for
lighter particles. The poor statistics of the carbon, nitrogen, and oxygen ejectiles
does not allow us to distinguish individual isotopes of these elements but it is clear
that the same, general trend is preserved as for lighter products.
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Figure 4.10. Experimental spectra collected for carbon (upper panel), nitrogen
(middle panel), and oxygen (bottom panel) measured for the proton beam energy
of 1.9 GeV. Red dots represent data measured at the scattering angle of 35◦, green

dots correspond to 50◦, and blue ones depict results for 100◦.
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Figure 4.11. Experimental spectra for carbon (upper panel), nitrogen (middle
panel), and oxygen (bottom panel) measured at angle of 35◦ for three proton beam
energies. Red points depict data collected at 1.2 GeV, green points at 1.9 GeV, and

blue ones at 2.5 GeV.



Chapter 5

The microscopic models of the reaction
mechanism

In the current chapter the microscopic theoretical models of the proton induced
reactions will be presented. The most popular approach to the theoretical descrip-
tion of the reactions induced by GeV proton was initially proposed by R. Serber [50]
in 40’s past century. It consists in assumption that they proceed in two steps.

In the first stage of the reaction the impinging proton causes a cascade of
nucleon-nucleon and pion-nucleon collisions inside the atomic nucleus. Some of the
nucleons or groups of them can escape from the nucleus, taking significant part of the
accessible energy, while the rest of the energy is absorbed by the nucleus what leads
to its excitation. Thus the pre-equilibrium stage of the reaction is characterized by
the emission of fast, energetic particles. The model assumes that there are mainly
nucleons and light charged particles (LCP). The momentum conservation principle
causes that they are moving predominantly along the beam direction. The model
calculations are carried out until the excited nuclei reach an equilibrium state. In
the second stage of the reaction the excited residual nuclei undergo the de-excitation
by different processes which are described by appropriate reaction models.

In the next section the intranuclear cascade model will be discussed as an example
of the typical reaction model of the first step of the proton-nucleus collisions. The
models responsible for de-excitation of the residual, excited nucleus are described in
the following sections.

5.1. The intranuclear cascade model - INCL

The basic assumption of all intranuclear cascade models is that the main process
responsible for interaction of high energy proton with the atomic nuclei is a cascade
of nucleon-nucleon collisions. The interaction with the mean field of the total nucleus
as well as collisions with groups of nucleons are treated as possible corrections in
some of the realizations of the model.

The most involved and sophisticated version of the intranuclear cascade is the
INCL (IntraNuclear Cascade Liége) model. Here the main properties of this model
are presented. It was initially invented by J. Cugnon et al. [51], [52]. The physical
effects which were taken into account in the INCL code will be briefly discussed
below:

The static potential well

According to the basic assumption of the INCL model the nucleons of the nucleus
are bound in the static (time independent) potential. This potential is taken in the
shape of the square well, however, the momentum dependent radius R(p) of the well
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is used. This causes effectively a presence of the diffuse nuclear surface. The radius
R(p) of the potential well is defined by formula:

(
p

pF

)3

= − 4π

3AT

R(p)∫
0

dρ(r)

dr
r3dr (5.1)

where p denotes the nucleon momentum, pF is the Fermi momentum, ρ is used for
spatial density distribution function of nucleons, and AT corresponds to the mass
number of the target nucleus.

The spatial and momentum distributions of nucleons
The Saxon-Woods formula (eq. 5.2) has been used to describe the spatial distri-

bution of the nucleons inside the target nucleus:

ρ(r) =

{
ρ0/
[
1 + exp

(
r−R0

a

)]
for r < Rmax

0 for r > Rmax
(5.2)

with a cut at Rmax = R0 + 8a.

The parameters R0 and a have a meaning of radius of the nucleon density distri-
bution and its diffuseness, respectively. They are fixed in the INCL code according
to the following formulas:

R0 =
(
2.745× 10−4AT + 1.063

)
A

1/3
T fm (5.3)

and
a = 0.51 + 1.63× 10−4ATfm. (5.4)

The ρ0 parameter value has been adjusted to assure that the distribution is
normalized to AT , the target mass number.

The uniform momentum distribution of the nucleons in the target was assumed,
i.e. the nucleon momenta were chosen randomly from a sphere with the radius equal
to the Fermi momentum pF .

The following algorithm is applied to generate the initial momentum −→p and
position −→r of each target nucleon:
� −→p is chosen randomly in a sphere of radius pF ,
� momentum dependent radius R(p) of the spatial sphere is calculated according

to formula 5.1.
The position −→r of the nucleon is randomly selected inside this sphere.

Collisions inside the nucleus
Nucleons in the proton - target nucleus system are divided into two groups.

The first group, spectators, consists of nucleons which are not involved in previous
collisions. The second group consists of nucleons already engaged in them. At the
beginning of the reaction only the beam nucleon belongs to the second group.

Collisions between spectators are not allowed. The cascade starts at the first
collision of the proton impinging on to nucleus with one of the spectators. Then
this spectator leaves its group moving to the group of active nucleons and may take
part in the next collisions.
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The nucleons inside the nucleus matter move along straight lines as long as two
of them do not collide or until they reach the surface of the nucleus (they can be
transmitted through the nuclear surface or be reflected from it). The collision occurs
when the distance between two interacting particles is smaller than the minimal
distance defined by eq. (5.5), where the σtotal is the total nucleon-nucleon cross
section.

dminimal 6
√
σtotal/π (5.5)

Two nucleons can scatter both elastically and inelastically, in agreement with the
momentum and energy conservation law. During the inelastic interaction the ∆
creation occurs, which later decays into pion and nucleon. The following sets of
possible reactions are considered:

NN −→ NN NN −→ N∆ N∆ −→ N∆ ∆∆ −→ ∆∆ πN −→ ∆ (5.6)

The final state of the particles after collisions is influenced by the Pauli blocking
effect. The main idea of the implementation of this effect is as follows:
Let the pn and pm will be the probability of the phase space occupation by
n and m-particles, then the probability of the collision can be expressed by
P = (1 − pn) (1 − pm). The key is in the calculation of the pn, which is realized
by counting nearby nucleons in a small volume of the phase space eq. (5.7), with
rPauli = 3.18fm and pPauli = 200MeV/c.

pn =
1

2

(2π~)3

4π
3
r3
Pauli

4π
3
p3
Pauli

∑
i 6=n

θ(rPauli − |−→ri −−→rn |)× θ(pPauli − |−→pi −−→pn|) (5.7)

The sum in the eq. (5.7) is limited to the nucleons with the same isospin as the
particle n. The factor 1

2
is caused by presence of two spin components which are not

treated explicitly.

The coalescence
To enable the emission of particles built of several nucleons, i.e. light charged

particles, the coalescence mechanism was introduced into the INCL code [5]. The
clue of this approach is allowing the escaping nucleons to attach additional nucleons.
Those particles have to fulfill the criterion of proximity in the phase space i.e. the
escaping nucleons can attach other nucleons if they are close in the spatial and
momentum distance.

The largest ejectile which can be created by the coalescence process in the
INCL4.3 code is the atomic nucleus of helium (4He) [5]. The probability of emitting
heavier particles decreases rapidly. Recently attempt was undertaken to increase the
range of masses of the particles created by the coalescence (see ref. [6]), however, it
was found that the coalescence leading to heavier complex particles than 4He does
not reproduce satisfactorily the experimental spectra [7]. Formally the criteria of
the coalescence are expressed by the following formula:

rn,n−1pn,n−1 6 D (5.8)

The n and n−1 enumerate the Jacobi coordinates of the n-th nucleon of the ejectile
in respect to a group of n−1 nucleons of this particle. The D parameter was chosen
to be equal 387MeV fm

c
.

Additional information about the model, details of used parametrization, the
criteria of stopping calculation, and so on can be found in refs. [5, 53].
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5.2. The theoretical models of the second reaction stage

It is generally assumed that after the first, fast stage of the reaction the excited
target remnant is in the thermal equilibrium state. Many theoretical models were
created to describe possible ways of its de-excitation . They assume different mech-
anisms of this process. For example it can proceed as sequential or simultaneous
emission of particles. The most important of the first kind processes is evaporation
of nucleons and complex particles. In the present study the Generalized Evaporation
Model - GEM2 of the nuclear evaporation is used [54,55]. The simultaneous emission
known also as the multifragmentation is the main process taken into consideration for
the highly excited nuclei in the Statistical Multifragmentation Model - SMM [56–58]
which is used in the present thesis as an alternative to the evaporation model.

5.2.1. Generalized Evaporation Model - GEM2

GEM2 uses the classical Weisskopf - Ewing formalism [59, 60] which assumes
that emission of the particle with mass- and atomic-numbers (An, Zn) in its ground
state from excited atomic nucleus (with mass AT , charge ZT , and excitation energy
E∗T ) occurs with probability Pn(Ekin) dependent on its kinetic energy Ekin.

Pn(Ekin)dEkin = gnσinv(Ekin)
ρnew(E∗T −Q− Ekin)

ρT (E∗T )
EkindEkin (5.9)

In equation (5.9) Q is the Q-value of the reaction in which the new target remnant is
created by emission of particle n. The quantities ρnew and ρT describe the density of
states for original target remnant - T , and for the newly created nucleus - new. The
σinv(Ekin) is the cross section for inverse reaction to the evaporation of the particle
n, while the factor gn, used for normalization, can be expressed by the formula (5.10)
(where Sn and An are the spin and mass of the emitted particle, respectively):

gn =
(2Sn + 1)An

π2~2
(5.10)

Table 5.1. The set of isotopes explicitly considered as ejectiles by the GEM2 code.

Zn Ejectiles
0 n
1 p d t
2 3He 4He 6He 8He
3 6Li 7Li 8Li 9Li
4 7Be 9Be 10Be 11Be 12Be
5 8B 10B 11B 12B 13B
6 10C 11C 12C 13C 14C 15C 16C
7 12N 13N 14N 15N 16N 17N
8 14O 15O 16O 17O 18O 19O 20O
9 17F 18F 19F 20F 21F
10 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne
11 21Na 22Na 23Na 24Na 24Na 25Na
12 22Mg 23Mg 24Mg 25Mg 26Mg 27Mg 28Mg
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One of the most significant extensions of the classical formulas is possibility
of emitting the excited particles. This improves the agreement of calculated cross
sections on IMF production with those observed experimentally.

In the GEM2 code the values of the inverse cross sections can be calculated in
two ways according to Dostrovsky [61], and Furihata [55] formulas. For purposes of
current study the Furihata approach was used.

The density of states was calculated in agreement with the Fermi-gas model
with level density parameter formula proposed by the Gilbert, Cameron, Cook and
Ignatyuk [62].

The GEM2 computer program considers 66 stable and long living isotopes as the
ejectiles. All of them are listed in the table 5.1.

5.2.2. Statistical Multifragmentation Model - SMM

In this section another approach to the transition from excited target remnant to
the final nuclei, i.e., multifragmentation is discussed. Multifragmentation models,
start with the assumption that the excited nucleus is in the thermodynamical equi-
librium. Such an excited nucleus can undergo volume fluctuations. If the volume
becomes large the density of the nucleus can appear to be smaller than the ground
state density. In such a situation one can treat the nuclear matter as a „bubble
phase”, i.e. the regions of much smaller density („bubbles”) can be created in the
more dense surrounding. This leads to instability of the nucleus which therefore can
split into several pieces. Furthermore, if the average density is smaller than half of
the ground state density the nucleus behaves like a gas container with set of droplets
of liquid which can escape from the excited nucleus being observed as light charged
particles or intermediate mass fragments.

During such fluctuations nuclear system can also loose the excitation energy by
evaporation or fission. The most complete approach to the statistical multifragmen-
tation is realized by SMM code of Botvina et al. [56, 63].

In this code it is assumed that at first the atomic nuclei expand and after achiev-
ing small enough density break up into nucleons and heavier fragments, which still
could be excited. It may be expected that the pure statistical approach allows to
consider all possible breakup channels as equally probable. However, it was shown
that the probability Wf of a specified decay channel f is proportional to the ex-
ponential function of the entropy Sf (E∗), where E∗ is the excitation energy of the
nucleus [56]:

Wf ∝ exp (Sf (E
∗)) (5.11)

Because the model treats compound nucleus as one of possible decay channels, it
allows for the smooth transition from evaporation at low excitation energies to the
simultaneous fragmentation for high energies according to the accessible phase space
for fragments. The fragments with the mass number smaller or equal to four are
treated as stable particles - LCP. The fragments heavier than A=4 are considered
as heated drops of the nuclear matter, and their energy is calculated in accordance
with the liquid-drop model. Their decay is then described by the Fermi breakup
model [64]. The products with mass bigger than A=16 may loose their energy
by the evaporation/fission mechanism. The mutual Coulomb interaction between
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fragments is taken into consideration in the frame of the Wigner-Seitz approxima-
tion [56]. All ejectiles after fragmentation and de-excitation are propagated in the
Coulomb field.

5.3. The comparison of the theoretical calculations with the
experimental data

The experimental data were compared with the model calculations performed for
the appropriate beam energies and the scattering angles. INCL4.3 - the model of the
first stage of the reaction - describes the production of light ejectiles with the mass
number A 64 and atomic number Z 62. The fragments built of two or more nucleons
are created by the coalescence of nucleons during the cascade of the nucleon-nucleon
collisions. The emission of particles from the excited nucleus remnant in the second
stage of the reaction was treated by GEM2 or SMM model. The neutrons and LCP
(light charged particles: p, d, t, 3He and 4He) are emitted both, in the first and
in the second stage of the reaction whereas the IMF (intermediate mass fragments
with the atomic number Z>3) originate only from the second step of the process.
The obtained results are presented in the following subsections.

5.3.1. Angular dependence of light charged particle data

In this subsection the variation of the cross section with the scattering angle is
discussed using as an example the data measured at 1.2 GeV proton beam energy for
two scattering angles: 20◦ and 100◦. The shape of the spectra is practically the same
for the cross sections measured at higher beam energies (1.9 and 2.5 GeV). The data
and model calculations for hydrogen isotopes are shown in fig. 5.1 whereas those
for helium isotopes are presented in fig. 5.2. The full dots depict the cross sections
measured at 20◦ and the open circles correspond to 100◦ data. The solid lines present
calculations made for 20◦ whereas the dashed lines show model results for 100◦. The
green lines represent calculations performed in the frame of the INCL4.3 model, the
blue and red lines depict GEM2 and SMM results, respectively.

As can be seen the data for all ejectiles do not change with the angle when their
energy is smaller than ∼ 25 MeV. For higher energies the exponential tail of spectra
is more steep for 100◦ than for 20◦. Thus it may be stated that two components are
visible in the experimental spectra: the isotropic, low energy component and the
high energy one which strongly decreases with the increasing scattering angle. It
may be conjectured that the isotropic emission is mainly due to the presence of the
equilibrated, excited nucleus whereas the anisotropic emission is characteristic for
fast, non-equilibrium stage of the reaction. Indeed, the anisotropic component of
theoretical spectra in fig. 5.1 is only due to the first stage of the reaction - its shape
and character of the angular dependence is reproduced by INCL4.3. The agreement
of the model cross sections with the data is the best for tritons and deteriorates
for lighter hydrogen isotopes being the poorest for protons. Furthermore, the data
for 100◦ are well described for all isotopes, whereas the description deteriorates
with decreasing scattering angle. This may suggest that some specific mechanism,
not taken into consideration in the INCL4.3 model, is present in the first stage
of the reaction. It manifests itself mainly for forward scattering angles and lightest
ejectiles. The same conclusions may be derived from inspection of fig. 5.2 where 3He
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Figure 5.1. Comparison of the double differential cross sections d2σ
dEdΩ

calculated by
various models with the experimental data for hydrogen isotopes. Full and open
dots represent the experimental data measured for proton beam energy 1.2 GeV at
20◦ and 100◦, respectively. Solid lines depict results of calculations performed for
20◦ and the dashed lines those for 100◦. The green, blue, and red colors indicate

calculations due to INCL4.3, GEM2, and SMM model, respectively.

and 4He spectra behave in the same manner like spectra of tritons in fig. 5.1. The
isotropic component of the p, d, and t spectra as well as that of 3He and 4He spectra
is well described by GEM2 model which treats emission of these light particles
as evaporation process. The spectra evaluated in the frame of the SMM model
underestimate significantly the isotropic component for all light charged particles.
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It is worth to note that SMM model cross sections agree well with the data for the
heaviest helium isotope - 6He whereas the GEM2 spectra lead to poorer agreement.

In figures 5.1 and 5.2 the sum of results of calculations from particular models
was not shown. This sum is presented in fig. 5.3. The energy scale of the figure is
enlarged to allow for observation of details of the spectra.
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Figure 5.2. The same as in fig. 5.1 but for He isotopes.

5.3.2. Beam energy dependence of light charged particle data

In the current subsection the variation of the cross sections with the proton beam
energy is presented. The data measured at the angle 65◦ for two beam energies
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Figure 5.3. Comparison of the double differential cross sections d2σ
dEdΩ

calculated by
various models with the experimental data for deuteron and alpha particles on the
left and right panels, respectively. Open dots represent the experimental data mea-
sured for proton beam energy 1.2 GeV at 50◦ and 100◦, on upper and lower panels,
respectively. Dashed lines present results from calculations in the frame of par-
ticular model: INCL4.3, GEM2, and SMM, while solid lines depict sum of them:
blue color for INCL4.3+GEM2, and red color for INCL4.3+SMM. The green dashed
lines indicate results of INCL4.3 calculations. In order to show discrepancy between
experimental data and its description by the microscopic models (GEM2 and SMM)

only part of spectra is presented for ejectile energy <40 MeV.

1.2 GeV and 2.5 GeV, are used as examples. The data and model calculations
for hydrogen isotopes are shown in fig. 5.4 while those for helium isotopes are
presented in fig. 5.5. The experimental data for beam energy 1.2 GeV and 2.5 GeV
are represented by the open and full points, respectively. The solid lines correspond
to the results of calculations made for proton beam energy of 2.5 GeV whereas the
dashed lines presents the calculations performed for 1.2 GeV. The type of used model
is indicated by colors as follow: the green lines describe results of INCL4.3 model,
the blue lines correspond to the results of GEM2, and the red lines represent the
calculation performed by the SMM model.

As can be seen the shape of the experimental spectra for all ejectiles does not
change with the beam energy. The only visible difference between measured data is
the increase of absolute value of the cross section when the beam energy increases.
The same behavior is observed for all ejectiles. The INCL4.3 calculations reproduce
only the high energy tail of the spectra, E>75 MeV. Below the results of the first
stage model are almost the same for all three beam energies. The spectra in the
energy region from 0 to 25 MeV are well described by calculations performed in
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the GEM2 model framework. The same relation between calculations for different
beam energies, as for experimental data, can be observed. Values of cross sections
calculated by this model increase with the impinging proton energy. The agreement
of GEM2 calculations with the experimental data is satisfying in the mentioned
part of the spectra. In contrast to the mentioned models, the results of the third
model - SMM are not in accordance with the measured data. The theoretical cross
sections calculated for 1.2 GeV beam energy strongly underestimated the data. On
the other hand the predictions of SMM agree much better with the experiment at
highest beam energy, i.e. 2.5 GeV. It is interesting to note that the 6He data are
better reproduced by the SMM model than by GEM2 calculations.
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Figure 5.4. Comparison of the double differential cross sections d2σ
dEdΩ

calculated by
various models with the experimental data for hydrogen isotopes. Full and open dots
represent the experimental data measured for detection angle 65◦ at 2.5 GeV and 1.2
GeV, respectively. Solid and dashed lines depict results of calculations performed
for the proton beam energies 2.5 GeV and 1.2 GeV whereas the colors: green, blue
and red indicate calculations for INCL4.3, GEM2 and SMM model, respectively.
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Figure 5.5. The same as in fig. 5.4 but for He isotopes.

5.3.3. Angular dependence of intermediate mass fragments emission

In this subsection variation of the double differential cross sections d2σ
dEdΩ

with the
angle is discussed. As examples of experimental data, selected spectra of lithium,
beryllium and boron isotopes are presented in figs. 5.6, 5.7, and 5.8, respectively.
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They were measured for the proton beam energy 1.2 GeV at the angles 20◦ and 100◦.
The full and open dots correspond to the data obtained at 20◦ and 100◦, respectively.
The solid lines represent the results of the model calculations performed at 20◦,
whereas the dashed lines show those at 100◦. The used models: GEM2 and SMM
are indicated by the color of the lines: blue and red, respectively. The behavior of
experimental data is in general very similar to that observed for LCP. The spectra are
built of two components. The low energy, isotropic component and the high energy
one which is forward peaked. This anisotropy manifests itself in the increasing slope
of the high energy tail of the spectra. The tail, which is present in data for all
ejectiles, is always steeper for the 100◦ than for 20◦. This effect decreases with the
mass of ejectiles.

The INCL4.3 - model of the first stage of the reaction - does not take into con-
sideration the emission of particles composed of more than four nucleons. Therefore
all IMF data analyzed in the present work are compared with predictions of the
models which assume emission of IMF from the second stage of the reaction. Two
models used to reproduce the measured cross sections - GEM2 and SMM - predict
bell-shaped energy spectra. The slope of the high energy part of calculated spectra
is similar to that of the experimental data measured at 100◦, but it is too steep
for the 20◦. The width of theoretical spectra is always smaller for GEM2 than
that for multifragmentation model. Moreover, the cross sections for all ejectiles
obtained from the GEM2 calculations are lower than those evaluated by the SMM
model and are also smaller than experimental data. Since GEM2 as well as SMM
assume emission from equilibrated nucleus one can make conjectures that a large
contribution from non-equilibrium processes is present in the experimental data for
forward scattering angles. This is the same effect as that observed for LCP. As it
was mentioned above, the INCL4.3 model applied in the current work, does not
have possibility to coalesce nucleons into particles heavier than alpha particle. So
it was impossible to verify mentioned hypothesis. The most modern version of the
INCL - the INCL4.6 which allows for coalescence of emitted nucleons into IMF with
mass number A<9 [6] - also does not solve this problem. As it was checked by S.
Sharma [7] for an experiment performed with protons of energy 480 MeV impinging
on to a silver target, the INCL4.6 underestimates significantly the slope of the high
energy tail of the IMF spectra.
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Figure 5.6. Comparison of the double differential cross sections d2σ

dEdΩ
calculated by

models of the second stage of the reaction with the experimental data for lithium
isotopes. Full and open dots represent the experimental data measured for proton
beam energy 1.2 GeV at 20◦ and 100◦ , respectively. Solid lines depict results of
calculation performed for 20◦ and the dashed lines those for 100◦ . The blue and

red colors indicate calculations for GEM2 and SMM model, respectively.
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Figure 5.7. The same as in fig. 5.6, but for beryllium isotopes.
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Figure 5.8. The same as in fig. 5.6, but for boron isotopes. The spectra at angle
35◦ are shown instead of those at 20◦.

5.3.4. Beam energy dependence of intermediate mass fragment emission

In the current subsection the variation of the IMF cross sections with the beam
energy is presented. The IMF data measured at the angle 65◦ for two proton beam
energies 1.2 GeV and 2.5 GeV are used as examples. The experimental and theoret-
ical spectra for lithium, beryllium, and boron isotopes are shown in figs. 5.9, 5.10,
and 5.11, respectively. The data measured at 2.5 GeV are represented by full dots
whereas those at 1.2 GeV by open dots. The results of calculations are depicted as
solid lines for the higher energy and as dashed lines for the lower one. The GEM2
calculations are represented by blue lines whereas the SMM results by red lines.
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The energy dependence of IMF data is very similar to that observed for LCP
cross sections. The shape of the spectra does not change with the beam energy but
the absolute value of the cross sections increases. This effect observed in the data
is well reproduced by both theoretical models. The SMM model produces the cross
sections of almost the same magnitude as the data at small energies of IMF (E<50
MeV) however underestimates the high energy tail. The GEM2 model, on the other
hand, systematically underestimates the data.
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Figure 5.9. Comparison of the double differential cross sections d2σ
dEdΩ

calculated by
various models of the second stage of the reaction with the experimental data for
lithium isotopes. Full and open dots represent the experimental data measured for
detection angle 65◦ at 2.5 GeV and 1.2 GeV, respectively. Solid and dashed lines
depict results of calculations performed for the proton beam energies 2.5 GeV and
1.2 GeV whereas the colors: blue and red indicate calculations for GEM2 and SMM

model, respectively.
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Figure 5.10. The same as in fig. 5.9, but for Be isotopes.
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Figure 5.11. The same as in fig. 5.9, but for boron isotopes. Data and results from
for 50◦ are used.



Chapter 6

The phenomenological model

Results of the current experiment show that double differential cross sections for
production of LCP and IMF change smoothly with the scattering angle and fragment
energy. The presence of different angular dependence of the spectra measured for
small- and high-energy regions of emitted particles suggests that they correspond
to the emission from two different sources. Following this suggestion the double
differential cross sections of proton induced reactions were frequently parameterized
as result of the emission of particles from two isotropically emitting sources mov-
ing along the direction of the beam. Such a description of the spectra was used
successfully in previous studies of proton induced reactions on Ni and Au target
nuclei: Ni [8, 65], Au [8, 66] at the same proton beam energies as in the present
investigations.

This approach has the following physical interpretation. An impinging proton
knocks out a group of nucleons during its way through the atomic nucleus. In such
a collision two groups of nucleons are formed. The first of them - the group of
knocked out nucleons, called „fireball”, is moving much faster than the second one
which has the shape of a ball with the cylinder-like hole. Both groups form atomic
nuclei which are excited and able to emit particles. Due to the size limitations
arising from the geometrical dimensions of the interaction volume of the impinging
proton with the target the „fireball” consists of only several nucleons. Therefore, the
emission from the „fireball” is restricted to nucleons and LCPs. Such a limitation
is not so restrictive for the heavier group of nucleons. Therefore it can emit LCP
and IMF but it may also break up into more than two (excited) nuclei which in
turn can be sources of particles. Such an interpretation allows for the interpolation
and extrapolation of measured data by simple phenomenological model of two or
more moving sources. This model is described in detail in the appendix A. The
parameter of the model can be used to calculate total production cross sections as
well as energy and angular distributions of particles. Thus, the model may serve as
a simple parametrization of the data and can also put constraints to the existing
microscopic models.

As it was shown in the previous chapters, the microscopic two-step description
of the experimental data by INCL4.3 plus GEM2 or SMM is not sufficient. There
is clearly visible that high energy tail of the IMF’s spectra is not well described. It
is also the case for the middle part of LCP’s spectra, i.e. the ejectile energy range
between 35 and 150 MeV.

It is important to emphasize that, the INCL model with the coalescence describes
well the high energy part of spectra of light charged particles. This suggests that
similar effect might be responsible for high energy spectra of intermediate mass
fragments. The present version of the INCL model, i.e. the INCL4.3, does not
allow to calculate the emission of complex fragments heavier than 4He, thus it was
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not possible to check this hypothesis. The newer version of the intranuclear cascade
model (INCL4.6 [6]) enables one to calculate the coalescence of nucleons into heavier
fragments (with mass number A<9), however, it was found [7] that this model does
not reproduce well the IMF spectra from p+Ag collisions.

Thus instead using the microscopic model it was decided to perform the analysis,
which allows to take into account a possibility to emit particles from additional
sources with their properties (the velocity, temperature and yield) treated as the
parameters of the fit. Such a procedure was successfully applied in refs. [8, 65,66]:
� To reproduce the LCP data the phenomenological contribution from single mov-

ing source was added to microscopic model cross sections calculated by INCL4.3
for the first stage of the reaction and GEM2 for the second stage. Since adding
the phenomenological contribution would influence the total reaction cross sec-
tion the microscopic model cross sections were multiplied by the factor smaller
than unity. This factor as well as parameters of the moving source were fitted
to reproduce well the data.

� The IMF spectra were described by sum of contributions from two moving sources
which parameters were fitted to the data.

The method of analysis presented to above delivers values of parameters which
can be easily compared with those obtained in the papers of A. Budzanowski et
al. [8, 65, 66] for light (nickel) [65] and heavy (gold) [66] targets. Results of such
an analysis for the lightest nuclei (Al and C targets) are also available in the PhD
thesis of M. Fidelus [67]. The silver nucleus used in the present study is roughly
twice heavier than the nickel nucleus and twice lighter than the gold nucleus. Thus
the analysis of the present data can serve as a test for variation of the parameters of
the phenomenological model. The systematic (monotonic) variation may be treated
as indication of consistency of the postulated reaction mechanism model.

The parameters of the phenomenological models were searched by fitting simul-
taneously the model predictions to the data at all accessible angles independently
for each ejectile.

The moving source model for LCP data
For the LCP, the combination of microscopic models and phenomenological con-

tribution has been applied. The result of the INCL4.3+GEM2 calculations were
scaled down by factor F and added to the contribution emerging from the single
moving source. The F factor as well as properties of the source were treated as free
parameters. The F parameter found for proton data were further fixed and used as
a constant for all other LCP for given beam energy. This is marked in the table 6.1
by taking fixed F value into the square brackets. The results of the fit was almost
independent of the parameter k value (reduced height of the Coulomb barrier for
emitted fragments), thus it was arbitrary fixed at 0.02, for all calculations.

The values of the parameters are presented in the table 6.1. The physical inter-
pretation of the parameters is as follows (see Appendix A):
� β - represents LAB velocity of the emitting source in the c units.
� T - corresponds to the apparent temperature of the source in MeV,
� σ - depicts the total cross section for emission of given particle from moving

source in mb,
� kB/d - the ratio of the effective Coulomb barrier to its diffusion (cf. Appendix

A)
� F - factor scaling down the microscopic calculation of INCL4.3+GEM2
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Table 6.1. Values of the parameters used to fit the INCL4.3+GEM2 and single
moving source contributions to the LCP data for three beam energies listed in the

Ep column.

Ep Ejectile β T σ B/d F χ2

GeV [MeV] [mb]
1.2 p 0.132 39.9 1562 9.8 0.656 356.5

d 0.092 32.9 280 1.8 [0.656] 23.9
t 0.038 17.5 111 10.8 [0.656] 10.0
3He 0.052 23.3 32 11.6 [0.656] 5.6
4He 0.057(6) 22.0(1.3) 62(9) 2.7(3) [0.656] 37.7

1.9 p 0.1456 41.5 1892 9.0 0.694 243.2
d 0.0937 35.5 386 3.2 [0.694] 23.1
t 0.0365 19.0 174 2.2 [0.694] 9.9
3He 0.0524 25.6 56 9.5 [0.694] 6.0
4He 0.048(4) 22.0(9) 108(11) 2.2(2) [0.694] 19.4

2.5 p 0.1427 43.3 2306 4.1 0.727 148.1
d 0.0886 37.4 510 3.6 [0.727] 17.4
t 0.0359 20.5 233 3.4 [0.727] 8.95
3He 0.0469 27.5 84 5.9 [0.727] 5.3
4He 0.045(3) 22.2(8) 108(11) 2.1(3) [0.727] 16.6
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Figure 6.1. The figure presents the values of the temperature parameter obtained
from the fits as a function of mass of ejectiles. The circles depict the temperature
values found for different beam energies (1.2 GeV, 1.9 GeV, and 2.5 GeV). Red line

presents linear fit to the points.
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Results of the calculations are presented in fig. 6.2 for hydrogen isotopes and in fig.
6.3 for helium isotopes. The scaled down microscopic model contribution is depicted
by the red line, the moving source contribution by the blue line and their sum by
the black line. As can be seen in the figures the agreement of theoretical lines with
the data shown as open circles is very good for all LCP. Significant improvement of
the data description in comparison to that obtained by microscopic model itself is
clearly visible (cf. figs. 5.1, and 5.2 with 6.2, and 6.3). It is worth to notice that the
obtained improvement was achieved with very smoothly varying parameters versus
mass of the ejectiles as well as versus the beam energy. For example the scaling
factor F for the microscopic model changes from 0.656 to 0.727 when the beam
energy increases more than twice (from 1.2 to 2.5 GeV). Similar variation of other
parameters with the energy is also visible.

The variation of apparent temperature parameter T with the mass of ejectile
may be used to estimate the mass and temperature of the emitting source (see the
formulae given in the Appendix A.3). This dependence is shown in fig. 6.1 where the
mass dependence of the temperature parameter is shown for three beam energies. As
can be seen the mass dependence is practically the same for all three beam energies
and may be well approximated by the straight line:

T = [−7.5(1.0)ALCP + 48.1(2.9)] MeV (6.1)

The parameters of the straight line listed above can be transformed to the mass of
the fireball and its temperature:

τFireball = 48.1(2.9) MeV (6.2)
AFireball = 6.4(1.0) (6.3)

The coalescence model included in the INCL4.3 code calculates the emitting frag-
ments up to the 4He, thus the data for 6He were treated in the same way like the
data for intermediate mass fragments, ie.: two moving sources were fitted.
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Figure 6.2. The figure presents experimental data (represented by green points) of
double differential cross sections dσ

dEdΩ
for hydrogen isotopes registered at the angle

20◦ in reaction with 2.5 GeV of proton beam energy on silver target. Fits of the
moving source are presented by the blue lines, while the calculations of the two steps
model INCL4.3+GEM2 are depicted by the red lines. The black line depicts sum of

both contributions.
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Figure 6.3. The same as in fig. 6.2, but for helium isotopes. Two moving source
model was fitted to the 6He data, both sources are presented in the figure (blue and

red lines).
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The approach with adding a fast moving source gives good description of the
experimental data. Such a procedure allows to reproduce the emission particles
with mass up to A=4.

Moreover the parameters obtained during the analysis enable us to determine
relative contribution of emission of LCP from the fireball. It was shown in the table
6.2 that the production of the hydrogen isotopes, as well as the 3He from fireball is
significant. For alpha particles emission from fireball corresponds to only ∼ 15% of
total cross section.

Table 6.2. Averaged over beam energy and the atomic number the relative contri-
bution to the LCP production cross sections of the emission from the fireball in

reactions induced by protons on a silver target.

A Relative yield of emission [%]
LCP mass number from fireball

1 39 ± 2
2 35 ± 3
3 41 ± 4
4 15 ± 2

Application of the phenomenological model to the IMF

As it was mentioned, present experimental data of intermediate mass fragments
emitted were analyzed by applying two moving source approach. In figures 6.4, 6.5,
6.6 a typical example of performed fits to the collected data is presented, for the
scattering angle 50◦ and for 2.5 GeV of the proton beam energy. The black line
presents the sum of contributions from both fitted sources, while the red and blue
lines depict results obtained for each source.

The very good description of the spectra of all intermediate mass fragments has
been obtained, as it is indicated by the χ2 values. The complete set of the parameter
values is presented in the tables 6.3 and 6.4.
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Figure 6.4. The figure presents experimental data of double differential cross sections
dσ

dEdΩ
for lithium isotopes registered at the angle 50◦ from the reaction of 2.5 GeV

protons with a silver target (points). Fits of two moving sources are also presented
with indication of the contribution of each source. The blue lines depict the „slow”
source, while the red lines represent the „fast” source. Black lines show the sum of

both contributions.
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Figure 6.5. The same as in fig 6.4 but for beryllium isotopes.
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Figure 6.6. The same as in fig 6.4, but for boron isotopes.
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Chapter 7

Comparison of present results with those
for Ni and Au targets

The results of the present phenomenological analysis are compared in this chapter
with those published in the literature for Ni and Au targets at the same proton beam
energies [8, 66]. To assure that the comparison of the present and literature results
is meaningful the same procedure has been used as that applied in the literature
to extract values of the model parameters, i.e. the apparent temperature T , the
velocity β of the source and the absolute yield of each source σ. It was shown in the
previous chapter, that it is possible to obtain a good agreement between the IMF
data and a simple phenomenological description, which assumes that the particles
are emitted isotropically from two sources moving along the beam direction. Equally
good description was obtained for LCP, where contribution to the cross sections
from one of these sources was replaced by the results of calculations within the
intranuclear cascade INCL4.3 scaled down by factor ∼ 0.7 to make room for the
contribution from the second moving source - called „the fireball”. The properties of
the slow source fitted to the IMF data are discussed in the following section whereas
those for the fast source are presented in the next section.

7.1. Properties of the slow source

The INCL4.3 calculations scaled down by a factor adjusted to proton data have
been used for the LCP data (p,d,t,3He, and 4He) instead fitting the slow source
contribution. Values of the scaling factor F used in the calculations are shown in
table 7.1. The factor F was fitted together with parameters of the fast source for the
proton cross sections and was kept constant for other data. As can be seen values of
the F factor are almost the same for all targets and energies (with slight monotonic
increase with the proton beam energy) what means that the relative contribution
of the fast source is almost the same in all cases and is equal to about 30 % of the
total yield.

Table 7.1. The scaling factor F used in the description of LCP data by a sum of
scaled down INCL4.3 + GEM2 cross sections and a fast source contribution. The
symbol Ep represents value of the incident proton beam energy. The results for Ni
and Au targets were taken from refs. [66] and [8], respectively whereas those for Ag

target were obtained in the present work.

Target
Ep (GeV) Ni Ag Au

1.2 0.70 0.66 0.63
1.9 0.70 0.69 0.69
2.5 0.79 0.73 0.73
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It was found that the velocity of the slow source and its temperature almost do
not change in the fits performed to the cross sections of different IMF. Furthermore
the fitted velocity of this source was very close to velocity of the residual nuclei after
intranuclear cascade. Thus the velocity of the slow source was fixed for all IMF at
the average velocity of the residual nuclei of the intranuclear cascade. The values
of velocities of the slow source are listed in table 7.2. They cover the range from
0.0025 to 0.0051 what proofs the statement that the source is „slow”.

Table 7.2. The velocity β (in units of the speed of light) of the slow source used
in the description of the IMF data. Its value was fixed at the average velocity of
residual nuclei after the first, fast stage of the reaction. The symbol Ep represents
value of the proton beam energy. The results for Ni and Au targets were taken from
refs. [66] and [8], respectively whereas those for Ag target were used in the present

work.
Target

Ep (GeV) Ni Ag Au
1.2 0.0051 0.0036 0.0030
1.9 0.0049 0.0029 0.0030
2.5 0.0047 0.0025 0.0030

It turned out that the temperature of the slow source was independent of the mass
of IMF therefore only the average (over IMF) value of the temperature is presented
in table 7.3. The standard deviation of the temperature (given in parenthesis) allows
to judge the spread of temperatures for individual IMF. The temperature values do
not change with the beam energy and differ only slightly for different targets.

Table 7.3. The apparent temperature parameter T (in MeV) of the slow source used
in the description of the IMF data. Its value was averaged over all IMF. The symbol
Ep represents value of the proton beam energy. The results for Ni and Au targets
were taken from refs. [66] and [8], respectively whereas those for Ag target were

obtained in the present work.

Target
Ep (GeV) Ni Ag Au

1.2 8.1(1.1) 9.1(1.7) 11.5(1.2)
1.9 9.2(1.0) 9.7(1.2) 10.8(1.7)
2.5 8.8(1.8) 10.4(1.3) 10.6(1.1)

As it was stated in chapter 2 many authors observed the „power-law” 2.1 depen-
dence of the yield of IMF on the mass number AF :

σ(AF ) ∝ (AF )−τ .

The large spread of absolute yields for different IMF in the mass range studied in
the present work, i.e. AF= 6 - 12, makes inaccurate extraction of the parameter τ .
Nevertheless similar values of this parameter were observed for Ni and Au data and
for the present Ag data. Values of the parameter were extracted from a linear fit to
the dependence of the logarithm of the cross section on the logarithm of the mass
of the ejectiles. They are collected in table 7.4.
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Table 7.4. The parameter τ of the „power-law” dependence of the yields of IMF
(the σ parameter of the slow source) on the mass of the ejectiles. The symbol Ep
represents value of the proton beam energy. The results for Ni and Au targets were
taken from refs. [66] and [8], respectively whereas those for Ag target were obtained

in the present work.

Target
Ep (GeV) Ni Ag Au

1.2 2.1(2.0) 3.5(1.1) 2.0(1.2)
1.9 2.6(1.7) 3.3(1.6) 2.2(1.2)
2.5 1.8(1.2) 3.7(1.2) 2.5(1.3)

The values of the τ parameter are equal in the limits of errors for all investigated
targets (Ni, Ag, Au) and all impinging proton energies from 1.2 GeV to 2.5 GeV.
This is also the case for the temperature and the velocity parameters. Therefore it
suggests that the mechanism of the reaction responsible for the emission of particles
from an equilibrated nucleus, is the same. From inspection of figures 6.4, 6.5, and
6.6 it is evident that the slow source contributes mainly to low energy part of spectra
(ejectile energies smaller than ≈ 50 MeV). The same energy region is well described
by SMM model as it is visible in figs. 5.6, 5.7, and 5.8. Thus it may be conjectured
that the competition of evaporation and multifragmentation is responsible for the
emission mechanism.

7.2. Properties of the fast source

The high energy part of the experimental spectra could not be well reproduced
by the slow source alone thus the second, fast source was added. It was found that
parameter values of the fast source changed smoothly when treated as a function of
the ejectile mass in spite of the fact that they have been fitted independently to data
for each reaction channel. This will be discussed separately for each of the model
parameters in the following subsections.

7.2.1. Apparent temperature parameter T

The energy and momentum conservation demands, as it was emphasized by
Hirsch et al. [36], that the apparent temperature parameter T of the ejectiles emitted
from the same source of the mass AS and temperature τ should follow the straight
line as a function of the ejectile mass AF :

T =
AS − AF
AS

τ. (7.1)

The parameters a and b of the straight line :

T = aAF + b (7.2)

are then in the straightforward way connected to the mass of the source AS and its
temperature τ :

τ = b (7.3)

AS = − b
a

(7.4)
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It was found in previous publications of the PISA collaboration [8, 66] that the
temperature parameter decreases monotonically with the mass of detected particles.
Since the slope of this function is almost the same for all LCP and for all IMF, but
it differs between LCP and IMF the authors suggested that LCP and IMF particles
originate from two different sources called „fireball” and „fast source”, respectively.
The blue straight line shown in figures 7.1, 7.2 and 7.3 represents temperature depen-
dence on the LCP mass whereas the green straight line represents this dependence
for IMF. Parameters of the lines for all targets and beam energies are listed in
the table 7.5 what allows to compare quantitatively properties of the corresponding
sources. As can be seen the temperature τ and the mass AS of the source are
approximately equal to τ ∼ 46 MeV, AS ∼ 7 for LCP and τ ∼ 24 MeV, AS ∼ 28 for
IMF, respectively. It should be pointed out that very similar values were obtained
for all targets taken into consideration i.e. Ni, Ag, and Au as well as for all studied
proton incident beam energies; 1.2, 1.9, and 2.5 GeV.

Table 7.5. Parameters of the formula 7.2 which represents the dependence of the
source temperature on the mass of emitted particles. The particles cover LCP
and IMF (with mass number from A=6 to A=12) for all targets and energies. The
quantities a and b are the parameters of the straight lines fitted to mentioned formula
for T separately for LCP and for IMF. The symbol AS represents the mass number

and τ the temperature of the source emitting LCP and IMF.

Target Ep LCP IMF (A<13)
GeV a b = τ AS a b = τ AS

1.2 -6.8(1.2) 44.9(3.4) 6.6(1.3) -0.85(4) 21.2(4) 24.8(1.3)
Ni 1.9 -6.8(1.2) 46.6(3.3) 6.9(1.3) -0.89(4) 22.8(4) 25.6(1.3)

2.5 -6.4(1.1) 46.3(3.0) 7.2(1.3) -0.89(4) 24.1(4) 27.2(1.4)
1.2 -5.8(1.0) 42.8(2.7) 7.3(1.3) -0.77(5) 22.3(5) 29.1(2.0)

Ag 1.9 -6.4(1.1) 46.0(3.1) 7.2(1.3) -0.82(5) 23.4(5) 28.4(2.0)
2.5 -6.6(1.1) 48.1(2.9) 7.3(1.3) -0.86(6) 24.7(5) 28.8(2.0)
1.2 -6.5(1.1) 44.6(3.2) 6.9(1.3) -0.83(4) 21.8(4) 26.4(1.4)

Au 1.9 -5.8(1.0) 45.8(2.7) 7.9(1.4) -0.84(4) 25.7(3) 30.5(1.5)
2.5 -6.7(1.1) 49.7(3.1) 7.4(1.3) -0.92(4) 26.5(4) 28.7(1.4)

The close similarity of the source masses and temperatures for different beam
energies as well as for different targets is still better visible in the table 7.6 where
their values averaged over beam energy and over targets are presented.

Table 7.6. The source temperature τ and source mass AS averaged over energies
and averaged over targets for light charged particles (<τLCP>,<ASLCP> and for

intermediate mass fragments (<τIMF>,<ASIMF
>) ).

<τLCP> <ASLCP> <τIMF> <ASIMF
>

Ni 46.0(1.9) 6.9(8) 22.7(2) 25.9(8)
Ag 45.5(1.7) 7.3(8) 23.5(3) 28.1(1.0)
Au 46.7(1.7) 7.4(8) 24.9(2) 28.5(8)

average 46.0(1.0) 7.0(4) 23.8(1) 27.5(5)
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Figure 7.1. Ejectile mass number AF dependence of T parameter representing the
apparent temperature of the source which emits the particles in proton - Ni collisions
at proton beam energy 1.2 GeV (upper panel), 1.9 GeV (middle panel) and 2.5 GeV
(lower panel). The blue straight line is fitted for LCP whereas the green line for IMF
(5<A<12). The red line represents predictions of the formula 7.5 with parameters
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Figure 7.2. The same as for fig. 7.1 but for the silver target.
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Figure 7.3. The same as for fig. 7.1 but for the gold target.
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It is obvious that IMF cannot be emitted from very light sources which are built
of only several nucleons. This explains why the sources responsible for the emission
of IMF must be on average heavier than those participating in the emission of
LCP. It is, however, not clear whether it is necessary to distinct only two groups
of the sources with masses around AS ∼ 7 and AS ∼ 28. Much more natural
might be to postulate continuous distribution of the source masses with smoothly
varying average source mass for given ejectile. Then the linear approximation to the
dependence of the apparent temperature T on the ejectile mass should be replaced
by some smooth function which would be adequate for full range of ejectile masses.
In the present study the following parametrization of the apparent temperature T
dependence on the ejectile mass AF was used:

T =
αT

(AF )δT
(7.5)

where αT and δT are free parameters.
The red line shown in figures 7.1, 7.2 and 7.3 represents temperature dependence

on the ejectile mass corresponding to the parametrization 7.5. As can be seen in
these figures the reproduction of the temperature values is very good for all targets
and beam energies. Moreover, the values of the fitted parameters are very similar
in all cases (cf. table 7.7).

Table 7.7. Values of the parameters, αT and δT , of the formula 7.5, which represents
the dependence of the source apparent temperature T on the mass AF of emitted
particles, fitted to whole range of AF values. The numbers in last two columns

depict the values of the parameters averaged over beam energies.

Target Ep αT δT < αT >Ep < δT >Ep

GeV
1.2 40.7(3.0) 0.51(5)

Ni 1.9 43.3(3.0) 0.48(6) 42.1(1.9) 0.477(35)
2.5 42.2(3.9) 0.44(7)
1.2 39.1(2.6) 0.43(5)

Ag 1.9 41.9(2.4) 0.45(4) 41.6(1.4) 0.440(25)
2.5 43.8(2.3) 0.44(4)
1.2 40.5(4.9) 0.48(8)

Au 1.9 42.0(4.6) 0.39(7) 42.6(2.7) 0.430(39)
2.5 45.4(4.4) 0.42(5)

As can be seen the scatter of parameter values is very small for different energies
and different targets. Thus it is reasonable to evaluate a general average (over targets
and beam energies). The following values of these parameters have been found:

< αT >= 42.1(1.2) < δT >= 0.449(19) (7.6)

The above values may be used to estimate the average temperature τS(AF ) and
mass number AS(AF ) of the source associated with ejectiles with mass number AF
in the following way: If one assumes that the tangent T (AF ) = aAF +b to the T (AF )
dependence 7.5 at given AF (cf. Appendix B) is identical with the line 7.2 which
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is due to the energy and momentum conservation during the emission of particles
with mass AF from an average source then:

AS(AF ) = − b(AF )

a(AF )
= −αT (δT + 1)(AF )−δT

−αT δT (AF )−δT−1
=
δT + 1

δT
AF (7.7)

τS(AF ) = b(AF ) =
αT (δT + 1)

(AF )δT
(7.8)

what gives following approximate values:

AS(AF ) ≈ 3.2 · AF (7.9)

τS(AF ) ≈ 61.0

(AF )0.45
(7.10)

In the table below (7.8) the estimated mass and temperature of the average
source obtained as arithmetic means of the values obtained from formulae 7.4 and
7.3 over LCP (AF=1-4) or over IMF(AF=6-12) are compared with those obtained
as arithmetic means calculated over LCP or over IMF of values from equations 7.9
and 7.10, respectively.

Table 7.8. Comparison of source properties, mass and temperature, obtained in two
different methods, described in details in text.

Light charged particles Intermediate mass fragments
AS τS AS τS

eq. 7.4 eq. 7.9 eq. 7.3 eq. 7.10 eq. 7.4 eq. 7.9 eq. 7.3 eq. 7.10
7.0(4) 8.0 46.0(1.0) 43.9 27.5(4) 28.8 23.8(1) 23.1

As can be seen both methods of estimation of mass AS and τS give almost the
same results, however only the method based on averaging the values from eqs. 7.9
and 7.10 offers a possibility to extrapolate the estimation to heavier ejectiles.

7.2.2. Velocity parameter β

Velocity of the source - β is the next parameter of the phenomenological model
of two moving sources. The ejectile mass dependence of this parameter shows also
a regularity similar to that of the temperature parameter. Therefore the power law
formula (equation 7.11) was used to describe the velocity dependence on the ejectile
mass:

β =
αβ

(AF )δβ
(7.11)

The analysis of the present data for p+Ag collisions at 1.2, 1.9, and 2.5 GeV
proton beam energies leads to the conclusion that indeed the mass dependence of
the β parameter is well reproduced by this formula. Moreover it was found that
values of αβ and δβ parameters are almost the same for all studied energies as
well as they agree well with values obtained from analysis of p+Ni and p+Au data
published by A. Budzanowski et al. [8, 66]. This is illustrated by figures 7.4, 7.5,
and 7.6 where the solid (red) line depicts values from the formula 7.11 and it is
confirmed by content of the table 7.9. The averaged over energies values of the αβ
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and δβ parameters for Ag target are almost the same in the limits of the uncertainties
as those for the Ni and Au target.

Table 7.9. Parameters of the formula 7.11. The particles cover LCP and IMF with
mass number up to A=12. The references indicate papers in which the phenomeno-

logical analysis of corresponding data is presented.

Nucleus Ep/GeV αβ δβ < αβ > < δβ > Reference
1.2 0.15(1) 0.84(7)

Ni 1.9 0.158(9) 0.92(8) 0.159(5) 0.89(5) A. Budzanowski
2.5 0.170(8) 1.01(7) et al. [8]
1.2 0.135(8) 0.79(6)

Ag 1.9 0.147(7) 0.88(5) 0.144(7) 0.83(3) current
2.5 0.142(7) 0.88(5) thesis
1.2 0.16(2) 0.67(9)

Au 1.9 0.18(2) 0.81(9) 0.166(9) 0.78(5) A. Budzanowski
2.5 0.16(1) 0.84(8) et al. [66]

average 0.156(4) 0.83(3)

It is interesting to note that the exponent of the denominator in equation 7.11,
i.e. the δβ is close to unity; δβ ≈ 0.83(3). This may suggest that the following
formula holds for all ejectiles in the limits of an accuracy of the present analysis.

αβ ≡ const ≈ β(AF ) · AF (7.12)

The symbol AF in the above formula represents mass number of the ejectile. Then
the αβ from the above equation might be interpreted as the average momentum of
the ejectile equal to the average momentum transferred by the proton from the beam
to the emitting source. To find whether this formula describes well the dependence
of source velocity β on the ejectile mass AF the fits of all data presented in figs. 7.4,
7.5, and 7.6 were repeated using formula 7.12. The obtained fits are presented in
these figures as dashed (blue) lines. It is clear that the agreement of predictions of
the single-parameter formula 7.12 with data is almost as good as the agreement of
two-parameter formula 7.11. The obtained values of the αβ parameter are listed in
table 7.10.

It is evident from the table 7.10 that in the limits of parameter uncertainties the
αβ parameter value is independent of the beam energy for all targets. Furthermore,
the variation of the parameters from target to target is also very small; it covers the
range from ∼ 0.153 to ∼ 0.188 what corresponds (multiplying AF by the mass unit)
to the momentum range from ∼ 142 MeV/c to ∼ 175 MeV/c.
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Figure 7.4. Ejectile mass number AF dependence of β parameter representing the
velocity of the moving source (in units of the speed of light) which emits the particles
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Figure 7.5. The same as in fig. 7.4, but for Ag target.



7.2. Properties of the fast source 87

0.00

0.05

0.10

0.15

 

  =0.18(2)/AF
0.81(9)

0.00

0.05

0.10

0.15

0.20
   = 0.16(2)/AF

0.67(9)

0 2 4 6 8 10 12
0.00

0.05

0.10

0.15

AF

  =0.16(1)/AF
0.84(8)

Figure 7.6. The same as in fig. 7.4, but for Au target.
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Table 7.10. Parameter αβ of the formula 7.12.

Target Ep/GeV αβ <αβ>
1.2 0.1647(96)

Ni 1.9 0.1629(78) 0.1658(47)
2.5 0.1698(66)
1.2 0.1503(89)

Ag 1.9 0.1561(66) 0.1527(43)
2.5 0.1517(67)
1.2 0.192(20)

Au 1.9 0.194(15) 0.1877(92)
2.5 0.177(12)

average 0.1687(38)

7.2.3. Absolute yield parameter σ

The last of the parameters entering the phenomenological model of two moving
sources is the yield of the emitting sources - σ. It is known [41, 69, 70] that the
typical ejectile mass dependence of the yields follow the „power-law”:

σ =
ασ

(AF )δσ
(7.13)

Therefore in the present investigations the „power-law” was used to describe the ob-
served mass dependence of the yields of both sources. The results of the parametriza-
tion are shown as red lines in figures 7.7, 7.8, and 7.9 for protons of three energies
1.2, 1.9, and 2.5 GeV bombarding Ni, Ag, and Au targets, respectively. Parameter
values from the fits are listed in table 7.11 and shown as red dots in fig. 7.10. As can
be seen the ασ values are different for different energies and targets whereas scatter
for values of the δσ parameter is much smaller. As it was found by A. D. Panagiotou
et al. [41] the values of the exponent vary from 1.7 to 4.1, for wide range of target
(Kr, Xe, Ag, Au, U) and beam energies from 180 MeV up to 350 GeV. It has been
suggested by J. E. Finn et al. [71], and R. E. L. Green et al. [13], that the dependence
of the exponent parameter on projectile beam energy should be nonmonotonic with
a minimum at the energy at which liquid-gas phase transition appears. At this
energy the exponent parameter should be inside the range 2 6 δα 6 3 [13]. Current
results of δσ averaged over three targets (Ni, Ag, and Au) are presented as red dots
in figure 7.10 in order to compare with those discussed in the section 2 (cf. fig. 2.6)
. It may be concluded that suggested changes in the reaction mechanism are not
presented up to proton beam energy 2.5 GeV i.e. there is no clear evidence for the
postulated liquid-gas phase transition.
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Figure 7.7. Ejectile mass number AF dependence of σ parameter representing the
cross section for emission from the source the particles in proton - Ni collisions at
proton beam energy 1.2 GeV (upper panel), 1.9 GeV (middle panel) and 2.5 GeV

(lower panel). Red lines are fitted to points according to formula 7.13.
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Figure 7.8. The same as in fig. 7.7, but for silver target.
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Figure 7.9. The same as in fig. 7.7, but for gold target.
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Table 7.11. Parameters of the formula 7.13 which represents the dependence of the
cross section on the mass of emitted particles. The references indicate papers in

which the phenomenological analysis of corresponding data is presented.

Nucleus Ep/GeV ασ/mb δσ Reference
1.2 1300(200) 3.08(14) A. Budzanowski

Ni 1.9 1530(220) 2.93(14) et al. [8]
2.5 1530(180) 2.80(12)
1.2 1560(20) 2.59(8) current

Ag 1.9 1890(30) 2.39(8) thesis
2.5 2310(40) 2.31(8)
1.2 1400(20) 2.93(12) A. Budzanowski

Au 1.9 1950(30) 2.60(11) et al. [66]
2.5 2720(60) 2.37(12)

100 1000 10000 100000
0

1

2

3

4

5

6

 

 

E [MeV]

Figure 7.10. „Power-law” parameter δσ as a function of proton beam energy. Red
dots present values obtained in current analysis, averaged over the beam energy.
Open symbols depict the same data as in fig. 2.6 in section 2 of present thesis.



Chapter 8

Summary and conclusions

In the present thesis the experimental and model investigations of the reactions
in the p+Ag collisions were performed for proton beam energy of 1.2, 1.9, and 2.5
GeV. The aim of this work was to obtain new, high statistic experimental data
which would allow to study the reaction mechanism in p+Ag nuclear system and
to compare it with that previously investigated for p+Al [48], p+Ni [8, 65], and
p+Au [8,66] nuclear systems at the same energies.

Double differential cross sections d2σ
dEdΩ

were measured at seven scattering angles:
15.6◦, 20◦, 35◦, 50◦, 65◦, 80◦, and 100◦ (in the LAB system) for isotopically
identified hydrogen (1H, 2H, 3H), helium (3He,4He, 6He), lithium (6Li,7Li,8Li, 9Li),
beryllium (7Be,9Be, 10Be) and boron (9B,10B, 11B) ejectiles. Additionally data
for C, N, and O elements (without isotopic identification) were obtained. The
cross sections determined in the present work were compared with those measured
by Herbach et al. [32] for 1.2 GeV proton beam impinging on Ag target. The
comparison was performed for the hydrogen, lithium and beryllium data summed
over isotopes and integrated over angles of the present d2σ

dEdΩ
cross sections because

the Herbach data were published as the angle integrated spectra dσ/dE summed
over isotopes or as the angle and energy integrated total production cross sections σ
for individual isotopes and therefore presenting the very same observables accessible
in the current thesis. It was checked that the present cross sections agree very well
with all cross sections measured by Herbach et al. [32]. It is worth emphasizing
that the data measured in the present work form the most extensive, in terms of
statistics, set of the cross sections published in the literature for Ag target at the
range of 1 - 3 GeV of proton beam energies.

The present data have the same character at all three energies, i.e., the shape of
the spectra and their angular dependence is almost the same. They differ mainly
in the absolute magnitude - the cross sections increase with the beam energy. It
is possible to distinguish two components of the spectra for both, LCP and IMF:
(i) the isotropic component for ejectile energies smaller than ∼ 30 MeV, and (ii)
the forward peaked component for ejectiles with larger energies. It is important to
note, that the same character of spectra was observed for Al [48], Ni [8, 65], and
Au [8, 66] targets in the same beam energy range. Such behavior of the data was
interpreted as a manifestation of two mechanisms of the reaction. The anisotropic,
high energy contribution was attributed to the fast, pre-equilibrium stage of the
reaction whereas the isotropic one to the de-excitation of the equilibrated target
remnant after the first stage of the process.

The data measured in the present experiment have been confronted with results
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of microscopic model which assumes that the fast stage of the reaction occurs as
an intranuclear cascade of the nucleon-nucleon and nucleon-pion collisions leaving
an excited, equilibrated remnant of the target which afterward may more slowly
evaporate particles or is subject of multifragmentation.

The first step of the process was described by the INCL4.3 [5] computer program
which allows for emission of light complex particles besides the nucleons and pions.
The high energy part of present experimental spectra of LCP was reasonably well
reproduced by the intranuclear cascade model, however, the disagreement was always
visible for spectra measured at small scattering angles in the energy range of ejectiles
between ∼ 50 MeV and ∼ 150 MeV. This underestimation of the experimental
data is strongest for protons and other hydrogen isotopes and decreases for heavier
particles. It was observed that; (i) the coalescence of nucleons from the cascade into
light complex particles is crucial for proper description of the high energy part of
the spectra of complex LCP, (ii) lack of similar mechanism in the INCL4.3 model
for IMF leads to the underestimation of the high energy part of the IMF spectra. In
recent years a new version of the INCL model was developed (INCL4.6 [6]) which
allows for coalescence of nucleons also in IMF (with mass number A<9). However,
it was found [7] that this model produces IMF spectra for p+Ag collisions at 0.48
GeV proton beam energy with too small slope of the high energy tail and therefore it
overestimates significantly the high energy part of the IMF spectra. This information
as well as the intention to compare the present results with those of the investigations
published for Ni [8,65] and Au targets [8,66] which were performed using the INCL4.3
model was the reason to apply this older version of the intranuclear cascade in the
present work.

The second stage of the reaction was described by two models which differ
in the assumptions concerning the mechanism of the de-excitation of the target
remnant. The GEM2 computer program of Furihata [54, 55] assumes that the
excited residuum of the target evaporates particles whereas the SMM model
of Botvina et al. [56, 57, 63] allows for competition of the evaporation and the
multifragmentation processes. Both these models produce the cross sections which
are concentrated at lowest energies visible in the spectra, i.e. for energies smaller
than ∼ 30 MeV. It was found that the predictions of the SMM model reproduce
significantly better the IMF data whereas those of the GEM2 are slightly better for
LCP. Both these models are not able to reproduce the experimental spectra for the
energies in the range from ∼ 50 MeV to ∼ 150 MeV for LCP and lightest IMF (Li
and B), especially at small scattering angles.

The systematic disagreement of the experimental spectra and predictions of the
microscopic models described to above suggested that an additional mechanism
should be taken into consideration. This was realized phenomenologically by intro-
ducing the source moving along the direction of the beam, isotropically emitting the
particles. The velocity of the source, its temperature as well as the yield of emitted
particles were treated as free parameters. In the case of LCP a single source was
added, whereas for IMF two sources were taken into account. First of them imitated
predictions of the SMM and/or GEM2 as it was done in refs [66] (for Au) and [8]
(for Ni), whereas the second corresponded to the analogous fast source as that used
for LCP.

It was found that the parameters of the fast source for all investigated particles
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from protons up to boron isotopes vary very smoothly when treated as functions of
ejectile mass. This ejectile mass AF dependence was described by two parameter
power function:

T =
αT

(AF )δT
, β =

αβ
(AF )δβ

, σ =
ασ

(AF )δσ

where the α and δ parameters are of course different for T , β and σ. Values of these
parameters almost do not change with the beam energy (with exception of those for
the yield parameter σ).

The parameters of the fast source obtained from the present phenomenological
analysis were compared to the parameters of the corresponding source introduced
in the literature for Ni [8,65], and Au [8,66] targets in the same beam energy range.
It was found that the ejectile mass dependence of the source velocity β and its
temperature T can be very well reproduced by the same power function as used in
the present investigation. Moreover, it was found that the parameters of the power
function practically do not change with the mass of the target nucleus from Ni up
to Au and with the proton beam energy.

The mass dependence of the temperature parameter allowed to estimate an aver-
age mass of the source emitting LCP as well as that emitting IMF. It was found by
two different methods that the source emitting LCP is built of 7 - 8 nucleons for all
studied targets and beam energies. The source of IMF is heavier - with average mass
of about 28 nucleons. No significant variation of these source masses was observed
for all studied targets and beam energies.

The mass dependence of the velocity β of the source moving along the beam
direction was also found to be very smooth. It was observed that the simple formula
β = const/AF (where AF stands for mass number of the ejectile) well reproduces
the velocity dependence. The constant factor in this formula may be interpreted as
the average momentum along the beam transferred to the source by the impinging
proton. It was found that this momentum is slightly different for individual targets
(from ∼ 140 MeV/c to ∼ 180 MeV/c) but is independent of the beam energy inside
the error limits.

The ejectile mass dependence of the absolute yield parameter of the source σ
could be also well described by the power function σ = ασ

(AF )δσ
. The ασ parameter

increases with energy for all targets with exception of Ni, where the same value of
this parameter was found for 1.9 and 2.5 GeV proton beam energy. This might
indicate the beginning of saturation (leveling) of the energy dependence of the
production cross section σ for Ni in the neighborhood of 1.5-1.9 GeV whereas
for heavier targets this asymptotic region is still not achieved. The δσ parameter
decreases with the beam energy for all studied targets. This seems to agree with
observation published in the literature for the studied range of the beam energies
(cf. eg. [17]).

In summary, the present investigations of double differential cross sections d2σ
dEdΩ

give evidence for non-equilibrium process proceeding in proton-nucleus collisions
with the emission of light charged particles (LCP) and intermediate mass fragments
(IMF) which is not reproduced by the microscopic models used at present in the
literature. Similar effects were observed in proton emission channel from p+Al,
p+Cu, and p+Pb collisions in studies of Shibata et al. [72] and En’yo et al. [73] in
the proton beam energy range from 0.73 GeV to 3.17 GeV. Such a phenomenon was
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also reported for IMF channels by Green at al. [13] for p+ Ag collisions at 0.48 GeV
and Porile et al. [30] for 1.9 GeV to 5.3 GeV proton induced reactions on Xe target.

It was shown that this process may be phenomenologically described as a for-
mation and decay of the source moving along the beam direction. Properties of
the source almost do not change in the proton beam energy range studied in the
present work, i.e., from 1.2 GeV to 2.5 GeV. Furthermore they are almost the same
as properties of the source found in p+Ni [8, 65] and in p+Au [8, 66] collisions in
the same energy range. Therefore the presence of a source emitting LCP and IMF
with the specific properties described to above is well established for a broad range
of targets and beam energies from 1.2 to 2.5 GeV.

All the microscopic models which aspire to realistic description of the reaction
mechanism should take it into consideration.



Appendix A

Two moving source model

In this appendix details of the two moving source model will be presented. An
idea to describe experimental data in such a way was taken from original paper of
G. D. Westfall et al. [38]. This model assumes that the particles are emitted from
two sources moving along the direction of the proton beam. The angular distribution
of emitted particles is isotropic in the rest frame of each source, and the distribution
of the kinetic energy E∗ available in the two-body decay of the emitting source has
a Maxwellian shape with slope characterized by the temperature parameter τ :

d2σ

dE∗dΩ∗
=

σ

2(πτ)3/2

√
E∗ exp

[
−E

∗

τ

]
. (A.1)

The normalization of (A.1) assures that the parameter σ is equal to total cross
section, i.e., cross section obtained from integration over energies and angles.

Due to the momentum and energy conservation laws, the kinetic energy E ′ of an
emitted fragment , differs from the total kinetic energy E∗ available in the source
rest frame:

E∗ = νE ′, (A.2)

where ν is a recoil correction expressed by mass of the source AS, and mass of the
detected fragment AF , as follows:

ν =
AS

AS − AF
. (A.3)

Using formula (A.2) it is possible to rewrite equation (A.1) in the following way:

d2σ

dE ′dΩ′
=

σ

2(πT )3/2

√
E ′ exp

[
−E

′

T

]
, (A.4)

after introducing a new variable T , defined as:

T ≡ τ

ν
. (A.5)

This temperature parameter T corresponds to the kinetic energy of the ejectile. The
ejectiles emitted in the single step from the equilibrated excited nucleus have the
spectra with exponential high energy tails. The slope of such an exponential function
is connected to the temperature T of the emitting source f(E) ∼ exp(−E/T ). In
the proton induced reactions on nuclei, e.g., G. D. Westfall et al. [38], the particle
energy spectra in the reference frame of the excited nucleus are usually described
by the Maxwell distribution given by the eq. A.4.



98 Appendix A. Two moving source model

It has to be taken into consideration that the charged particles emitted from
the charged source must overcome the Coulomb barrier. The simple estimate of the
height of the Coulomb barrier B may be performed treating the charged particles
as two touching spheres:

B =
ZF (ZS − ZF )e2

1.44
[
A

1/3
F + (AS − AF )1/3

]MeV, (A.6)

where subscript F represents the fragment emitted from the source, and subscript S
denotes the source.

There are two simple ways of taking into account the Coulomb barrier. The
first of them consists in shifting energy argument of Maxwell function (A.4) by the
value of the barrier. This procedure is equivalent to sharp cutoff and therefore
additional averaging over the height of the barrier should be introduced [38]. In the
second method, the Maxwell distribution may be multiplied by smoothly varying
with energy, probability function to overcome the barrier. In this thesis probability
P was parameterized as:

P =
1

1 + exp
[
−E−kB

d

] , (A.7)

where parameter k gives the height of the Coulomb barrier in units of B, parameter
d describes curvature of the Coulomb barrier. In the calculations the ratio kB/d
was kept constant.

Finally, after introduction P function, we obtain the following formula:

d2σ

dE ′dΩ′
=

σ

4πT 3/2I(kB, d, T )

√
E ′ exp

[
−E′

T

]
1 + exp

[
kB−E′

d

] (A.8)

where:

I(kB, d, T ) =

∫ ∞
0

√
xe−x

1 + exp
[
kB−Tx

d

] . (A.9)

The integral I(kB, d, T ) used for normalization of (A.8), preserve previous inter-
pretation of σ parameter.

To compare model predictions with experimental data it is necessary to transform
equation (A.8) from the rest frame of the emitting source to the laboratory system.
It can be shown that the transformation formula should be as follows:

d2σ

dEdΩ
=
p

p′
d2σ

dE ′dΩ′
≈
√
E

E ′
d2σ

dE ′dΩ′
(A.10)

where variables with prims correspond to the rest frame of the emitting source, and
variables without prims describe the laboratory system. The approximation in the
last formula is valid in non relativistic limit which is usually well obeyed in the
studied reactions. The non relativistic relationship between kinetic energy E ′ of
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emitted particle in the rest frame of the source and kinetic energy E, and angle θlab
in the laboratory system is given by:

E ′ = E +
mβ2

2
−
√

2mE β cos θlab. (A.11)





Appendix B

Determination of the mass Asource and the
temperature τsource from the tangent to the
T(A) function

A tangent to the function y=f(x) at point (x0,y0), i.e. a straight line that touches
a curve y=f(x) at that point without intersecting it is described by the following
formula:

y =
df(x = x0)

dx
· (x− x0) + y0

i.e.

y = a · x+ b (B.1)

a =
df

dx
(x = x0) (B.2)

b = y0 −
df

dx
(x = x0) · x0 (B.3)

For f(x) = αx−δ the tangent y = ax+ b has the following parameters a and b:

a = −αδ · x−δ−1
0 (B.4)

b = α (δ + 1)x−δ0 (B.5)

The mass of the source found from the tangent at A0 of the function T = α/Aδ

is equal to

Asource = − b
a

=
δ + 1

δ
· A0 (B.6)

and the temperature τsource of the source:

τsource = b = α (δ + 1)A−δ0 (B.7)





Appendix C

List of the papers on p+Ag reactions at
GeV proton beam energies

Table C.1 contains a review on experiments in which reactions induced by protons
on the silver or similar targets were investigated.
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Appendix D

Description of format of attached
experimental data

The data collected during measurements of the PISA collaboration are attached
to this thesis in electronic version on CD. It is necessary to write information about
format of this data and its directory structure on CD.

D.1. The structure of files and directories

The main directory contains 3 folders, named:
PISA
INCL4.3+COAL
OTHER

The most important is PISA directory. It contains PISA’s data from reaction
p+Ag at three different proton energies: 1.2 GeV, 1.9 GeV and 2.5 GeV. In
subfolders one can find two different versions of data, binned by 1 MeV or 3 MeV.
For purposes of this dissertation 3 MeV-binned data were used. Two subdirectories:
1MEV_BIN
3MEV_BIN

contains identical structure of name folders (and files inside this three
directories):
1200MEV
1900MEV
2500MEV.

The proton beam energies are put in directory names. Data for particular
product of reactions are placed in separate files in this directories. For each proton
energy and for each fragment emitted exists only one file. The structure of such
files is common for every file in directories on CD, so it will be explained below in
details (see D.2). The name of file contains element’s symbol and its mass number.
If mass number is not specified in the file name, the data were obtained without
isotope identification. Files with mass number in their names contain data collected
only for that isotope. Examples:
be.dat – contain data for Be element,
be9.dat – contain data for specified isotope of Be: 9Be.

The directories INCL4.3+COAL contains results of INCL model calculation for
different proton energies. This calculations are described in details in section 5.1.
Format of files is identical like in previously discussed folder PISA. The directory
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OTHER contains experimental data taken from literature:
190MEV – [14] - R. E. L. Green et al. Phys. Rev. C35 (1987) 1341
300MEV – [14] - R. E. L. Green et al. Phys. Rev. C35 (1987) 1341
480MEV – [13] - R. E. L. Green et al. Phys. Rev. C29 (1984) 1806

Format of this data files and directories structure is the same.

D.2. File format

The begin of each file looks similar like in the following example:
7 number of angles in LAB. Ag+p->4He. Tp=2 GeV. PISA 2005 normalized
15.6 20.0 35.0 50.0 65.0 80.0 100.0 values of the angles (degrees)
85 theta= 15.6 deg
23.5 3.15008 0.0183726
26.5 2.29961 0.0159149
29.5 1.72714 0.0233613
32.5 1.41335 0.0331723
.
.
.
4 theta=20 deg
92.5 0.000646208 0.000172966
95.5 0.000369638 0.000130822
.
.

The first two lines contain some additional information, one can see for how many
angles data were collected for this product, in this case: 7. There is also equation of
the reaction and proton beam energy, in this example: Ag+p->4He. Tp=2.5 GeV.
Information on experiment which collected this data, or information about INCL
model is also given. In second line values of angles are placed and after this line
experimental data are listed. Data for each angle starts with line containing number
of data points for this angle and repeated value of angle. In our example one can see
that for angle 15.6 deg there are 85 points of data. In fourth line data start for the
first angle. It contains three columns. First column - value of energy in MeV, second
- value of cross section in mb/(MeV*sr), and the last one contains statistical error
of cross section in the same units. After 85 lines one can see introduction line for
next angle, in the above example: 4 theta=20 deg. This is repeated for all angles
in the file.
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Experimental data
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Figure E.1. Figure presents experimental data collected for 6Li on the upper panels,
and 7Li, 8Li and 9Li, on the other panels respectively. On the left fourth panels the
angular dependence is shown for proton beam energy 1900 MeV. Red dots represents
data collected for angle 35◦, green one for 50◦ and blue one for 100◦. The right panels
show the energy dependence of measured data at angle 35◦ for three PISA’a energies.
Red points depict data collected for proton beam energy 1200 MeV, green one for

1900 MeV and blue one for 2500 MeV.
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Figure E.2. Upper panels of the figure display data collected for 7Be whereas the
data for 9Be and 10Be are shown in the middle and bottom panels, respectively. In
the left three panels the angular dependence is shown for proton beam energy 1900
MeV. Red dots represent data collected for angle 35◦, green one for 50◦ and blue
one for 100◦. The right three panels show the energy dependence of measured data
at angle 35◦ for three energies. Red points depict data collected for proton beam

energy 1200 MeV, green one for 1900 MeV and blue one for 2500 MeV.
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Figure E.3. Figure presents experimental data collected for 10B, 11B, and 12B in the
upper, middle and bottom panels, respectively. On the left three panels the angular
dependence is shown for proton beam energy 1900 MeV. Red dots represent data
collected for angle 35◦, green one for 50◦ and blue one for 100◦. The right three
panels show the energy dependence of measured data at angle 35◦ for three proton
beam energies. Red points depict data collected for proton beam energy 1200 MeV,

green one for 1900 MeV and blue one for 2500 MeV.

Several general facts can be expressed after studying figures E.4-E.6. The most
characteristic properties of the data are well visible.

The angular dependence of the spectra. Data registered at the small angles con-
tain more abundant high energy tails (eg.: fig. E.4). This behavior is observed
for all three energies. Additionally the high energy tails for light charged particles
(fig.E.5) extend to higher energies than for intermediate mass fragments.

The energy dependence of the spectra. Data collected at three beam energy have
almost exactly the same shape, but the cross section slightly increase with beam
energy. It can be clearly seen on double differential spectra (fig. E.6).
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Figure E.4. This figure contains data of measured double differential cross sections
of helium isotopes collected for 1200, 1900 and 2500 MeV beam energy at three
angles. Data for 65o, green dots, were divided by factor 10, while data for 100o,
red dots, were divided by factor 100. Data for 20o, blue dots, are shown without
any scaling factor. Solid lines come from phenomenological analysis by two moving

sources model.
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Figure E.5. Figure presents LCP measured at beam energy 1900 MeV for three
chosen scattering angles. Red points represent data collected at 100o, green at 60o
and blue ones at 20o. Solid lines come from phenomenological analysis with two

moving sources.
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Figure E.6. Figure presents LCP measured at angle 100o for three energies. Red
points represent data collected for beam energy 2500 MeV, green ones for 1900 MeV
and blue ones for 1200 MeV. Solid lines come from phenomenological analysis with

two moving sources.



115

10-3

10-2

10-1

100

101

7Li

 

 

d
/d
Ed

[m
b/
M
eV

/s
r]

4He

 

 

 

 

 

 

 

 

 

 

0 50 100
10-5

10-4

10-3

10-2

10-1

7Be

 

 

E [MeV]

 

 

 

 

50 100 150

11B

 

 

 

 

 

 

Figure E.7. Figure presents comparison of intermediate mass fragments spectra mea-
sured at 50o scattering angle for three different energies: 2500 MeV - red dots, 1900
MeV - green dots and 1200 MeV - blue ones. Solid lines come from phenomenological

analysis with two moving sources.
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