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00 TH?*? VE sB* ELEMANTLERI iCIN SPALLASYON SONRASI
OLUSAN iKINCIL PARCACIKLARIN (n, p, @) CIFT
DIFERANSIYEL TESIR KESITi

OZET

Bu galismada p + 90Th? ve p + 5B spallasyon reaksiyonu sonrasi olusan ikincil
pargaciklarin (n.p.a) ¢ift diferansiyel tesir kesiti hesaplamalari elde edilmistir. Hesapla-
malar kaskat eksiton modeli kullanan CEMO3 bilgisayar programi kullanilarak
yapilmistir. Protan 1s1n1 spallasyonu olusturan mermi olarak kullanildi ve enerjisi 20 ile
660 Mev araliginda secilmistir. Hesaplamalarda spallasyon sonrasi olusan toplam,
kaskad, bilesikdncesi ve buharlasma safhalari icin n,p ve o’nin ¢ift difereransiyel tesir
kesitleri de ayrica elde edilmistir. Elde edilen sonuglar Niikleer Enerji Ajansi ( NEA) dan
elde edilen deneysel datalar ile karsilastiriimistir.

Anahtar Kelimeler: Cift diferansiyel, spallasyon, enerji, niikleer reaksiyon, hizlandirici,
tesir kesiti ve CEMO3 kodu.

Xvii



DOUBLE DIFFERENTIAL CROSS SECTION OF
THE SECONDARY PARTICLES (n, p, ) OCCURED AFTER
SPALLATION FOR ¢ TH*2AND sB* ELEMENTS

ABSTRACT

In this study, double differential cross section of the secondary particles (n, p, o) occur-
ring after spallation in the reactions p + 90Th?¥2 and p + sB'° were obtained. Calculations
were made by Cascade Exciton Model (CEMO03) computer program. The protan beam
was used as the projectile forming, the spallation and the energy was selected in the range
of 20 to 660 MeV. In the calculations, double differential cross sections of n, p and a
were also obtained for the total, cascade, pre-compound and evaporation phases after
spallation. The results are compared with the experimental data obtained from the Nucle-
ar Energy Agency (NEA).

Keywords: Doubledifferential, spallation, energy, nuclear reaction, accelerator, cross
section and CEMO3 code.
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1. INTRODUCTION

The spallation reactions are one branch of the nuclear reactions. In general, they are de-
fined as the collision or interaction of two particles, more often than the collision of a
nucleon with nucleus. The first particle is a projectile which is a fast bombarding particle
and the second particle is a stationary called the target (Meyerhof 1967). The bombard-
ment energy is more or less between (100 — 3000) MeV. Through this interaction many
nucleons are emitted such as (n, a, p) emitted and the remaining nucleus be able to be
very various for the target nucleus also near the beginning studies of spallation reactions
took place in 1947 at the University of California in the Berkeley cyclotron (Brobeck et
al. 1947).

Recently, spallation reactions have attracted significant attention due to their significance
in technical applications. For instance, they can be utilized for the production of neutrons
in a spallation neutron source, and they can perform as an intense neutron source in ac-
celerator-driven subcritical reactors (ADS-R), capable of incendiary nuclear waste and of
producing energy. It is suggested that in the following production radioactive beam facili-
ties, projectile disintegration at relativistic energies will be one of the main producing
modes. The production of remaining output nuclei in proton collisions with an intense
target nucleus is due to the intranuclear process of spallation, fragmentation, fission, and

the total evaporation of light nuclei and nucleons (Demirkol 2006).

A large quantity of spallation neutrons or alpha is emitted from a target nucleus by proton
bombarding together with incident intermediate energy around (MeV or GeV). Recently,
the studies on the spallation reaction have been made for this application as spallation
neutron sources and accelerator driven transmutation systems. Nuclear data are very es-
sential for these objectives in the energy region nearly up to a few GeV. Several spalla-
tion sources for solid state and material physics are under structure or study many coun-

tries, for instance spallation nutron source.



Spallation neutron sources also be utilized in Accelerator Driven Systems to drive sub-
critical reactors, in which long lived nuclear waste could be burned (Bowman et al.
1992), (Takizuka 1994) and (Rubbia et al. 1995). All of that systems have in mutual a
spallation target made of a heavy element, either solid (Th) or liquid (Hg) (Armstrong

and Chandler 1977). Nuclear power is a type of capable and cleanly energy.

The Accelerator Driven Nuclear Energy System (ADS) is a credible option to dissolve
the efficient utilize of the resources and the eventual processing of long-lived nuclear
waste, and will become the transmission between current commercial nuclear power sys-
tem and fusion energy system. The capability and fuel of nuclear waste transmutation
deepened using of accelerator driven system broadly depend on the energy and number
distribution of outer neutron sources maintain the subcritical reactor of accelerator driven
system and are produced from the height energy proton bombardment of heavy nuclei.
For the whole ADS system in the high energy proton nuclear reactions depended on the
basis of micro data. Therefore studying theory and micro data is very importance for high
energy protons and heavy metals reactions (Kirkby and Link 1966). As in traditional re-
actor physics, the basic of nuclear reaction information is preliminary point of any gross-
scale modeling of an accelerator driven system (ADS). Practically computations of such
systems, such as energy balance and neutron with radiotoxicity of spallation products,
damage and activation calculations depend on nuclear data, and the provision of this in-
formation to the engineering community in a form that produces macroscopically transfer
and an activation account is a task for assessing nuclear data. Nucleon induced reaction
experiments have been implemented because of in the second half of this century has

resources of high energy bigger than 20 MeV and are as yet implemented.

This experiment has been conducted; the main purpose of these experiments is to pro-
mote basic knowledge of direct reactions, nuclear physics in general and nucleon-nucleon
interactions. The various accelerator based nuclear energy applications that have come
out in the past decade provide a new application justification of these measurements. The
dissimilar accelerator based nuclear energy applications that have emerged in the past
decade provide a modern application best reason of these measurements (Patrick 2017).
Transmutations of long lived actinides and fission produces from nuclear waste or thori-

um as an energy source are being inspected with rising interest in the latest two decades.



Different notion of transmutation involve and the Accelerator Driven Systems based on a
subcritical nuclear reaction (Rubbia et al. 2004), (Nifenecker et al. 1999). The Accelera-
tor Driven Subcritical Systems have given a modern look at the employ of thorium fuel
cycle in a lead—bismuth coolant climate. In parallel to the accelerator driven subcritical
systems (Sinha and Kakodkar 2006), (Saha and Sinha 2005) and ( Dulera, Basak, Kelkar
and Sinha 2005) to advancement reactors require enhanced nuclear data (Ganesan 2004;
2005) that overlap with the on-going international efforts to improve innovative, inher-
ently safe, reproduction resistant and long-lived cores, with features utilizing thorium like
in International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) and
after that generation nuclear energy systems famous as "Generation 1V".

The function of the spallation target is to transform (1 GeV) protons produced by the pro-
ton accelerator to low energy (less than 20 MeV) neutrons and distinguish them to the
energy amplifier area. The effective transformation of fertile to fissionable nuclei or the
transmutation of radioactive nuclei to stable ones takes place in the Accelerator Driven
Subcritical System blanket favorably in the resonance power area (less than 50 keV) and
thermal regions where the capture cross section is the greater. In executing this designing
function, the spallation target must be cooled adequately. Nuclear data to [forecast nucle-
ar collision, isotope produce, formation of gases and heat reproduction] are requirement
at that first step. Nuclear data are too needed to decrease the hazard related to radiological
releasing or other harmful outcome like, for example, that are resulting from off-normal
status [loss of coolant in the target, Non-modified proton beam with respect to time and
spatial distribution]. Maximizing neutron and alpha particle production are one of the
tasks for a target designing. The chosen of high atomic number Z material is preferred, as
the target should have a large number of nucleons per proton (Nucleon/proton) to reason
intra-nuclear reactions. For such energy types, the proton expels bound neutrons directly.
Accordingly, the emitted neutrons tend to be forward pointed and have rise energy up to

the proton energy.

On the other hand, Accelerator Driven System is a newest nuclear reactor which study to
creation energy and transformed radioactive waste also is important for starting to breed
the necessary U-233 in a Thorium (Th) based type of fuel cycle. (Barros et al. 2010). The

concept of Accelerator Driven Systems integrated a particle accelerator with a subcritical



core. Most offers suppose proton (p) accelerators, delivering continuous-wave beams
with energy nearly around 1 GeV.

The accelerator has two dimensions; either a linear accelerator or a circular accelerator
(cyclotron). High potential accelerator has been under continuous evolution, and the con-
struction of machines with the required specifications. The protons are injected onto a
spallation target to product source neutrons for driving the sub-critical core. The target is
made of heavy metal in solid state or liquid state. In every proton incident; the spallation
reactions in the target are not emitted by many neutrons, which are inserted into the sub-
critical nucleus to induce further nuclear reactions. However, the core is very similar to
the critical reactor in the subcritical state. It can be designed to operate either with a
thermal or fast neutron spectrum. An Accelerator driven subcritical reactor ability meant
a nuclear squander handling or energy production, is constituted of this assemblage (a
spallation target, a high power proton driver, a sub critical reactor and nuclear data),
(Meot et al. 2015).



2. LITERATURE REVIEW

(Boudard et al. 2002) reported that a modern version of the intranuclear cascade model is
proposed for the explanations of spallation reactions. Spallation reaction are one branch
of nuclear reaction. Compared to the preceding, version, it combine new features; (1) it
can conform a spread nuclear surface; (2) the treating of the Pauli blocking effect gets
better; (3) impacts or collisions between dynamic spectator nucleons are clearly sup-
pressed; (4) improved the pionsdynamic, essentially related the delta lifetime. Further-
more, another important advantage is the self-proportionate determination of the stopping
time. Utilized the evaporation code with forecasts of the model are tested against a large
body of experimental data in a range at 200 MeV to 2 GeV for incident energy per nucle-
on then including total reaction cross sections are composite double differential cross

sections, neutron, proton and particle multiplicities.

Double differential cross sections for light particles (proton, deuteron, triton and alpha)
also neutrons were produced by bombardment incident proton beam at 62.9 MeV which
was calculated at the CYCLONE facility in Louvain-la-Neuve in Belgium (Guertin and
Arnaud et al. 2005). These calculation have been executed using two independent exper-
imental set-ups including; (1) neutron (Demon counters); (2) light charged particles (Si-
Si-Csl telescopes) detection. The light charged particle data was calculated at nearly
eleven various angular positions from 25° -140° allowing the determination of angle dif-

ferential cross section, energy differential and total production cross sections.

(Kenji Ishibashi et al. 1997) reported that the calculated double differential cross section
d20/dE.d0 of neutron production were calculated for the spallation reaction induced by
(0.8, 1.5, 3.0) GeV protons on the targets (Al, Fe, C, Pb). The experiments were complet-
ed by time-of-flight technique with an exemplary flight path length of one meter (1m),

and the cross sections were acquired with energy decision better than (8) percent at



neutron energies below 100 MeV. The experimental data was compared with the out-

comes of computation codes based on an intranuclear-cascade evaporation model.

(Tashenov and Stanislav et al. 2011) reported that atomic field bremsstrahlung has been
calculated with a longitudinally polarized electron beam. The interconnection between
the initial orientation of the electron spin and the angle of photon polarization has been
calculated at the photon high energy tip area. In the reflection time this agree to a so-far
unobserved phenomenon of output of longwise polarized electrons by photoionization of
unpolarized atoms with linearly polarized photons. The consequences emphasize the
completely relativistic computations for radioactive re combination and propose a mod-

ern method for electron beam polarimetry.

(Niita et al. 2006) were presented three applications of the codes; are spallation neutron
source, heavy ion therapy, space radiation. New evolution of the multi-purpose Monte
Carlo Particle and Heavy lon Transfer code System, PHITS was also presented in this
study. In particular, they discussed in detail the expansion of two new models, JAM and
JQMD, for high energy particle interactions, incorporated in PHITS which compare mod-

el computations and experiments for the validations of these models.

(Roder et al. 2013) presented that a convergent experimental and theoretical research of
ionization by 40 eV incident energetic electron of the ground state. Absolute (in and out)
of-plane measurements are provided for slow electron energy at 4 eV. These are set up to

be in best agreement with the convergent close-coupling (CCC) computations.

The report (Gibson and Reid 1986) presented the cross section calculations for the ejec-
tion of electrons and angles from 5 to 100 eV and 0 to 100 degrees, respectively. Helium
atoms bombardment by protons energies range from 20 to 100 keV with differential in
the angle of electron ejection and energy. The measurements were instilled by comparing
the assessments of the total cross section, derived from double integration of the meas-
ured distributions with published absolute values of the ionization cross section. Alt-
hough the energy distribution agrees with the available data, there was a substantial di-

vergence in the angular attitude.



The research that was reported by (Fernandez-Menchero and Otranto 2014) is about a
theoretical study of completely differential cross sections for the single ionisation of O-
H-O by collisions with H* and He?* at an effect energy of (2, 6) MeV/amu. In that re-
search double differential cross sections in terms of the electron emission angle are also
offered for this molecular orbital (1B1, 1B2, 2Al1 and 3A1), which indicate almost iso-
tropic distribution for the electron energies under discernment.

(Sarpiin et al. 2014) investigated that the double differential cross section for these ele-
ments are (O, AI?") Ni® | Sn!20 Fe®%6 AylY Bi2% pp2® and Y®) by TALYS code
program at 62 MeV proton energy. The computation involved the Hauser- Feshbch and
the pre-equilibrium exciton model was also measured by TALYS code. The calculated
outcomes were compared with the experimental data. Likewise, the results were in good

agreement.

(Demirkol and Eyyup 2011) multiplicities of neutron and different particles per incident
proton in collision of (15x10%) MeV energetic proton beam for such thin targets ( Au, Pb,
W, Bi, Th, U, Fe and Cu ) have been approximated with the models ; Cascade-Exciton
Model, intranuclear cascade and Evaporation model. The computation have been made
utilizing simulation codes based on specific models which charecterize elementary output
of particles in nuclear reactions. The acquired results have been compared with the avail-

able data.

(Junghans 2014) reported that studying nuclear reactions in the ranges of several keV
kinetic energy, the neutrons produced by the reactions that below requirement were
slowed down by elastic collisions with light nuclei. Spallation reactions and photonuclear
could product a beamy spectrum of neutrons with height density, while from the fusion
of this isotopes "Hydrogen" for instance D(t, xn) Helium-4 or transformation reactions
such as 7Li(p, xn)7Be quasi-monoenergetic neutrons ability to be produced. Utilize of a
pulsed beam allows to determined the neutron energy through measuring the time-of-
flight of the neutrons with a known flight path. Photo-neutron sources utilize typically an
electron linear accelerator to make intensive pulses of "electromagnetic radiation pro-

duced by the acceleration " in an intense metal target that also acts as the neutron radiator



in which neutrons were produced by (p, xn), (n, xn), ...... and (o, xn) reactions with the

heavy nuclei.

(Demirkol 2006) were measured the production cross sections of intense remaining nu-
clides in the p + Pb?®® for (1GeV/nucleon) reaction. The computations were equipped
with the Cascade Exciton Model computations the pre-equilibrium effect, the Intranuclear
Cascade Model, the empirical, and the semi-empirical parameterization. The outcome of
the cross sections acquired were compared with the available experimental data, and the

relevance between them was calculated.

(Drosg and Hoop 2016) calculated cross section and double differential cross section
from triton bombardment of Au-197 that were concluded from measurements of triton
interactions with gas targets that utilized Au-197 as a triton beam stop material. That pro-
cess used for produced neutron. For calculated differential cross section the energies
(5.97, 7.47, 10.45, 16.41, and 19.14) MeV tritons on 197Au for production neutron were

used.

(Getahun 2011) reported that a calculations of the excitement function of [Nb%(a, n)T®
¢, Nb®3 (a, 2n)T%¢, Nb%(a, 3n)T** c] reactions have been executed in the incident alpha
energy range from 10 to 42 MeV. The computations were utilizing ALICE-91 computer
code program. In these calculations used pre-equilibrium nuclear models. The nuclear
models includes: (1) Intra-Nuclear Cascade (INC); (2) Harp-Miller-Berne(HMB); (3)
Exciton model; (4) Geometery Dependent Hybrid (GDH).

(Kerveno et al. 2002) studied that the calculations double differential cross sections for
hydrogen isotope production have been ejected in 62.7 MeV neutron induced reactions on
a lead target. The angular distribution from 20 to 160 for eight angles allowing the taking
out of (total production cross sections, angle differential and energy differential) has been
calculated. A first set of comparisons with several theoretical computations is also of-

fered.

(Abdelbagi 2017) calculated the neutron total cross section experimentally based on

Transference and assimilation of intensive neutron beams. This study present the funda-



mental atomic nucleusradius experimentally utilizing plutonium-beryllium source by
comparing the Ramsauer model computation for the elements C, Al, S, Fe, Cu, Hg and
Pb and neutron wavelength. In this investigation, the experimental methods were com-

pared to the Ramsauer model.

(Patrick 2017) provided that a Measurement of the Antineutrino Double-Differential
Charged-Current Quasi-Elastic Scattering Cross Section at Minerva. This thesis charac-
terizes a measurement of a charged-current double-differential antineutrino scattering

cross section on carbon scintillation at the Minerva detector at Fermilab.

(Wachter et al. 2015) reported that a measurement of the experimental production cross-
section of the reaction Zn"(p, x) Ga®’ has been calculated in the energy range from 1.678
to 2.444 MeV. In this investigation X-ray emitted after radiation by the daughter nucleus
that decays through electron capture. In this study used the ALICE/ASH and Talys-1.6

computer code then compared with experimental data.

(Summerer and Blank 2000) reported that a modern experimental data acquired funda-
mentally at the GSI/FRS facility allow to modify the experimental parameterization of
spallation cross sections. It will be shown that minor modifications of the parameters lead

to a so best reproduction of calculated cross sections.

(Taieb et al. 2003) investigated that spallation evaporation reaction by heavy nuclide pro-
duction such as U-238 induced by 1 GeV energetic protons was calculated in inverse kin-
ematics. The evaporation remains from tungsten to uranium were specified in-flight in
mass and atomic number. It was also determined production cross-sections and the mo-
mentum distributions were also determined. During the study, the data was compared
with experimental data. A comparison with previous results from the spallation of 208Pb

and 197Au reveals the strong influence of fission in the spallation of 238U.



3. MATERIALS AND METHODS

3.1. Nuclear Reaction

When two nuclei, overcome their Coulomb repulsion, come within the variety of the nu-
clear force, a reorganization of nucleus maybe happen. This may product in a nuclear
reaction, similar to the reorganization of atoms in reacting molecules through a chemical
reaction. Nuclear reactions were generally produced by bombarding a target nucleus with
a nuclear projectile in most cases a nucleon (proton or neutron) or a light nucleus for in-

stance, a deuteron or o- particle.

A nuclear reaction was characteristically represented as; X(a, b)Y. In which an incident
particle a, and interacts with the target nucleus X emits an resulting particle b, then leav-

ing behind the remaining nucleus Y, this is usually written in one of two ways:

X+ a—->Y+b or by thisway  X(a, b)Y.

Where:

a = a projectile

b = an emitted particle
X = target nucleus and

Y = the residual nucleus.

Two quantities are very important for energetic considerations in evaluating a nuclear

reaction:

(1) The threshold energy is the minimum projectile energy essential to satisfy mass ener-
gy and momentum protection in a nuclear reaction to form products in their ground state.
(2) The excitation energy is the surplus energy over the ground state for the production of

a nuclear reaction.
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Generally, should be known the system before and after the reaction however what punc-
tually occurs during the reaction process is not known. It also is impossible to look into
the reaction process immediately, models for reaction mechanism is suggested to demon-
strated the product and angular and energy distributions of the reaction productions. The

initial tried for model a reaction was made by Niels Bohr (Bohr 1936).

Nuclear reaction occurs in two steps:

1. The projectile was absorbed by the target nucleus and a compound nucleus was formed
and a thermodynamic equilibrium was established.

2. The compound nucleus decays by emitting particles or by radiations. It was supposed
that the decay of the compound nucleus depends only on the excitement energy and other
perfect quantum numbers of the compound nucleus and which was completely freelance

of its mode of forming. Also, it was described “independent hypothesis".

In the compound nucleus mechanism, the calculations are well the isotropic distributions
of emitted particles in the center of mass framework at bring down excitement energies.
Nevertheless, at relatively higher excitement energies, the forward peaked angular distri-
bution of particles show the existence of direct reaction mechanism (Lane and Lynn
1959), (Fesbach 1992). The system is completely in the complex nucleus mechanism,
however only a few nucleons participate in the direct reaction mechanism in the devel-
opment of interactions. The consequences of modern measurements were explained the
presence of reaction process which was intermediate between these two extreme reaction
mechanisms. The continuous particle spectra illustrates the existence of that more than
one step process which was indicates in reaction process started by a few tens of MeV.
Preequilibrium or precompound particles were the particles which were emitted during
the equilibrium; this process is called preequilibrium nuclear reaction (Fesbach 1992),
(Kabach 1995). A drawn representation of the advances of a typical nuclear reaction

produced by a medium energy proton is shown in (Figure 3.1).
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Figure 3.1. Advances of typical nuclear reaction produced by a medium energy protons (Gadioli and
Hodgson 1992)

3.1.1. Direct Reaction

(Getachew 2011). When a projectile and a target nucleus were in the range of nuclear
forces for the extremely short time, then allowing for an interaction of a single nucleon
only. This type of reactions are called "direct nuclear reactions”. The remaining nucleus is
only the coupled produce of the cluster with the ground state of the object nucleus. This

form is normally hard to meet for transmit reaction involving large numbers of nucleons.

There are many properties of direct reactions are ;

1- The emission of much larger number of high energy particles than are expected from
evaporation model.

2- All of particles emission in forward direction (approximately 6=0° or 10°%) then the
angular distributions of emission particles illustrate a forward option (6=0°).

3- Energy increases with a monotonic of cross section.

4- Generally high energy of projectiles is caused to occur direct reactions.
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3.1.2. Compound Nucleus

Calculation of reaction cross sections theoretically developed by Weisskopf and Ewing
(Weisskopf and Ewing 1940) is consistent with the Bohr’s model (Bohr 1936) utilize
partial wave analysis. In the compound model the conservation of angular momentum
and evenness for each partial wave is not acceptable. Nevertheless, it gives a better esti-
mate for the magnitude of the cross section. Otherwise, Hauser-Feshbach theory (Hauser
and Feshbach 1952) treated the problem in a more exhaustive method and has clearly in
use interested the conservation of angular momentum and parity. The compound nucleus
might exist to describe by statistical mechanics because of a state of statistical equilibri-
um. The compound nucleus has life- time nearly gets to (~107¢) second as well as it will
decay into various channels; however, it will depend only on the angular momentum,

energy of excitation, and parity.
3.2. Stopping Power

An accelerator beam pass through a target will lose energy. This energy loss is due to
scattering at electrons and nuclei with the electronic stopping most outstanding almost
every energy regions. The energy loss at a given energy is commonly expressed in terms
of the stopping power which can be defined as the energy loss per given amount of mate-
rial. The energy loss itself depends on the energy or more precise the velocity of the
beam. The average at which a particle loses energy per unit path length is known as the
stopping power of the medium. Aquantum mechanical derivation including relativistic

effects is known as the Bethe - Bloch formula (Cottingham and Greenwood 2001).

-dE/dx = ze%/8n? (0)? (4nZpNa/ Amv? [In(2mv?/ 1) — In(1-p?) — B?] (3.1)

Where:

ze = Charge of the charged particle or ion charge
Z = atomic number

A = mass number

p = density of the stopping material

Na = Numbers of Avogadro

m = electron mass, and
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v = Velocity of the charged particle or ion velocity.

For electron account by Bethe-Bloch formula should known these information (Ershaidat
2006):

1- The heavy particles have a higher mass than the electron.
2-The electron is very similar to the particles with which it is interacting, therefore giving

the option of the exchange of identity.

3.3. Charged Particle Range

The range of a charged particle can be derived from the stopping power formula, as de-

fined in the following expression.

3.2)

The range R defined in equation (3.2) is inversely dependent on p (the density of the
stopping medium), since the stopping power (dE/dx) depends immediately on p as it is
showed in equation (3.1). The range R is differently dependent on p in these two equa-
tions (3.1) and (3.2) since, the scattering process is statistical, and ions will be spread out
over a certain range width, if stopping in matter. Near the end of the path, when most of
its energy has been comes to down, - dE/dx get to maximum, corresponding to the peak
in energy loss at low energy, after which kinetic energy goes from down to zero as the
particle comes to rest (Lee 1963). An example of this behavior showed in Figure (3.2) its
form was known as the Bragg curve for an a-particle of more than a few MeV of initial

energy.
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Figure 3.2. Bragg Curve is characteristic for intense charged particles and schemes the energy loss
throughout its travel through matter (Wagenaar 1995)
The most important factors affecting Range (R) are:

1- Energy: the range is approximately linear with energy since the Bethe Bloch formula
for stopping power is inversely proportionate to kinetic energy E.

2- Mass: the electron is alot faster than the alpha because of it has smaller mass, and also
the electron has less time to spend nearby orbital electrons. This decrease by the effect of

Coulomb interactions, and increases range. All of these truly for the same kinetic energy.

3- Charge: the more stopping power, the lower range and the more charge then Range is
inversely proportionate to the square of the charged particle. For instance, a radioactive

isotope of hydrogen a tritium particle with atomic number (z = 1) will have (1/4) the
stopping power of a He-3 particle with atomic number ( z = 2).

4- Density: the stopping power directly proportional with density, it means that, the stop-

ping power increases with increasing density. However, the range is inversely propor-
tional with density of the absorbing medium (Ziegler 1988).
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3.4. Nuclear Level Density

Nuclear level densities play an important role in estimating nuclear reaction cross sec-
tions in general. The nuclear level density is the number of levels per unit energy interval.
The nuclear power state perhaps is dividing into two regions. When the number of levels
is limited then the state up to certain excitement energy (usually between 1 and 2 MeV),
it is comparatively well separated. In this energy region the levels densities are compara-
tively modest in structure, while can be understood on the foundation of nuclear models.
Number of levels increases with increases excitement energy and the spacing between
them decreases while the nature of excitation becomes much complex. Consequently at
high excitement energy the only way to explain them is utilizing a statistical procedure.
The concepts of level density were introduced by Bethe (Bethe 1937) for function p in

this form

dN(E)
dE

p(E)= (3.3)

Where N(E) is the accumulative number of levels bring to the excitement energy .

3.5. Cross Section of Nuclear Reaction

The cross sections in nuclear reaction utilize to describe the probability that a reaction
will occur of nucleus (Lane and Thomas 1958). Furthermore, the area of the target nucle-
us able to be seen by the incident particle is proportionate to the rate of reaction; as well
the term of the cross section is utilized to denote a constant related to the rate of a reac-
tion. The unit of the cross section more often is used the (barn) (Basdevant, Rich, and
Spiro 2005);

1b =100 fm? =102 m? = 10%cm?
On the other hand, the probability for a nuclear reaction is characterized in terms of a

cross section, indicated by o, Iin fact the proportional cross sectional area given by the

target to the arriving projectile.
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As a nuclear reaction includes a collision between two nuclei, these correspond to a sec-

ond order rate law. The cross section is defined by (Vértes et al. 2010):

c=R/I (3.4)

Where:
o = the cross section,
| = the number of incident particles per unit area, and

R = the number of reaction per unit time per nucleus.

Generally, the probability of a reaction is extremely dependent on the energy of the pro-
jectile, in addition to what the projectile is.

A different amount of interest is the microscopic cross section, defined as the produce of
n; it is number of atoms per volume and cross section. A beam of a given form of particle
can induce a lot of various types of nuclear reaction in a particular target (Kox et al.
1987), so that it is means if the material contains various kinds of objects (i) then the
probability to interact is only the summing (}.) of the probability on each type. Summing
is related to the microscopic cross section (o) by the relationship shown below (Hand-
book 1993).

Gtot=2i O, (3.5)

In addition, there are different types of cross section (Nuclear Reactions Some Basics;

(https://facultystaff.richmond.edu/~ggilfoyl/research/nuclearCrossSections.pdf):

1- Total cross section (o): detect reaction products in 4 x.

2- Differential cross section or angular distribution (do/d6): detect only reaction products
emitted at 6 in a solid angle d6. The unit of it is (mb/sr).

3- Double differential cross section (d?c/dE.d@): is proportional to the number of inci-
dent probe particles scattered within an energy range AE and momentum variation

into a solid angle A6. The unit of the double differential cross section is (mb/MeV .sr).
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4- Triply differential cross section: The formula for (3He (e.e’,p) 2H) is [d5c/dOe".
dOp.dE‘]. The unit of this type is (mb/MeV.sr?).

3.6. Spallation

3.6.1. The Historical Note About Spallation Reaction

At the beginning in 1930's the particle cascades in cosmic ray interactions was observed.
At the earth's surface (Rossi 1933), the thermal neutron flux density outputted by cosmic
ray-protons is nearly amount 10 to 103 neutrons cm?/s (Masarik , Kim and Reedy
2007). BB. Cunningham at Berkeley in 1947 discovered the first accelerator driven spall-
ation reactions (Cunningham et al. 1974). Then theoretical characterization was given
quickly after by Serber (Serber 1947). In the same year Sullivan WH and Seaborg GT

invented the term "spallation” (Harvey 1959).

Spallation reactions have been studied for a lot of years, but it has not been exactly ex-
plained yet. They are being studied with the rising utility in the last two decades, as the

spallation applications require additional exact knowledge.

Spallation neutron sources are of utility for; (1) transmutation of long lived actinides, (2)
fission production from nuclear waste (Bowman et al. 1992), (3) plutonium from nuclear
weapons (Krasa 2010), (4) thorium as an energy source (Carminati et al. 1993), (5) mate-
rial research and industry (Mason et al. 2005), or medicine for radiotherapy (Angelone
Atzeni and Rollet 2002).
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3.6.2. Spallation Reaction

The spallation reactions are one sector of the nuclear reactions. It is a practicability in
which a light projectile like, proton, neutron and or light nucleus with the kinetic energy
from a number of hundreds of MeV to several GeV interacts with a intensive or heavy
nucleus for instance, pb while causes the emission of a big number of hadrons (especially
neutrons) or fragments. Spallation reactions play a significant role in a broad field of ap-
plications for instance, simulation of detector set-ups in nuclear also particle physics ex-
perimentation, neutron sources for basic science, radioactive ion beam and material radia-
tion otherwise ADS (David et al. 2011).

In 1974 at the University of California occurs early study of spallation reaction (Brobeck
et al. 1947). Furthermore, a spallation reaction has three stages (Cugnon 1993): (1) intra
nuclear cascade, (2) pre-equilibrium stage, and (3) evaporation or fission, (2) and (3)
called Deexitation, as shown in schematic view in Figure 3.3 of spallation reaction.
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Figure 3.3. The scheme of a spallation reaction (Krasa and Rez 2010)
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3.6.2.1. Intra Nuclear Cascade (INC)

The Intra Nuclear Cascade process is foundation on the ideas of Heisenberg and Serber,
who viewed intranuclear cascades as a sequence of consecutive quasi-free collisions of
the quick main particle with the individual nucleons of the nucleus. It is a speedy direct
step (nearly amount 102! s), illustrated in Figure 3.4. As the reduced de Broglie wave-
length nearly amount (~ 107 fm), if the energy of proton is nearly amount (~ 1 GeV). All
interactions take place only between nucleons if the process at low projectile energies, for
example nearly amount (~ 100 MeV), then the process is called nucleon cascade. When
incident particle energy rising in a gradual way, then the threshold energies for particle

produce in nucleon-nucleon impact are being exceeded.

At beginning, pion is coming at energies of about hundreds of MeV, subsequently at
larger energies nearly amount 2 to 10 GeV, heavier hadrons are being produced. It can
ability also contribute in the intra nuclear cascade and interact between every other,
which was called hadron cascade. Particles that acquired energy height sufficient to flee-
ing from the nucleus are being emitted fundamentally in the direction of the incident par-
ticle. The rest of the energy is equally distributed between nucleons in the nucleus which
is left in an extremely excited status. The intra nuclear cascade (INC) is not stridently

separating from the equilibrium decay.

In a pre-compound step (lower than 10718 s), also the pre-equilibrium emission can hap-
pen. During this stage, speedy particles or fragments perhaps emitted after all interaction
among the incident or other cascade particle and a nucleon inside the nucleus. The ener-
gies of particles emitted during the equilibrium decay are lower than the energies of pre-

equilibrium particles.
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Excited nucleus
-Evaporation

Figure 3.4. schema of Intra Nuclear Cascade (Krasa 2010)

3.6.2.2. Deexcitation

After the intra nuclear cascade, the equilibrium stage comes up. Energy is evenly distrib-
uted over the nucleus that is in an extremely excited state with small angular momentum.
Evaporation of neutrons or light charged fragments are caused for loses nucleus energy
(Adair 1954).

Competitive process to evaporation is fission (into two fragments identical in proton
number). Fission production as well undergoes evaporation (depending on their excitation
energy). When the nucleus does not have to energy sufficient to emit neutrons (its bind-
ing energy becomes bigger than the excitation energy), it deexcites by B-and y-

transformations.

Finally, two sections of main important in spallation reactions are: residual nuclei or (spa-

Ilation products) and emitted neutrons or (spallation neutrons) (Krasa 2008).
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3.6.3. Spallation Products in Nuclear Reaction

For the duration of the spallation process without neutrons also protons and other light
nuclei are emitted from the excited nuclei (Bauer 2001). On the other hand, spallation
products spread out in two regions of the table of the nuclides: (1) the heavy proton re-
mains produced from evaporation; it is called spallation evaporation products. (2) The

medium mass remains produced from fission, it is called spallation fission products.

The spallation products enable measured utilizing two procedures: direct kinematics (Ti-
tarenko et al. 1998), (Michel et al. 1997), or inverse kinematics (Enqvist et al. 2001).

3.6.3.1. Direct Kinematics

In direct kinematics process, a relativistic light projectile hits a heavy target. Using Mass
spectrometry and y- spectroscopy for detected the spallation products which stop in the
target. This process has the prospect to measure the productions of the meta-stable states
of remaining nuclei, which is able to utilize radioactive targets, and it wasted minimal
beam time. However, it is impossible to measure the yields of (extremely long-lived, sta-
ble, and very short-lived nuclei, and the off-line outputs) measurements are more time

consumption (Krasa 2008).

3.6.3.2. Inverse Kinematics

In the process of inverse kinematics, a relativistic heavy nucleus hit a light target. The
spallation products desertion the target in forward direction and can be recognized in-
stantly in flight utilizing the suitable technique. [Example, the magnetic spectrometer
FRS "Fragment Separator” (Geissel et al. 1992) equipped with an energy degrader, mul-
tiple-sampling ionization chambers, multi-wire proportional counters, two position scin-

tillator detectors] can be specified directly in flight.
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3.6.4. Pre-equilibrium in Nuclear Reactions

Pre equilibrium reaction is not direct reaction or compound nuclear reaction however in
some cases it is likely for particles to be emitted after the first stage of a nuclear interac-
tions but before the realization of statistical equilibrium or compound nucleus forming.
Statistical decay of the compound nucleus and the instant emission after collision is nei-
ther by emission of particles from the excited target nucleus in pre-equilibrium reactions.
Also, the emission of a particle by the target nucleus occurs is not instantly after the colli-

sion or by the statistical decay of the compound nucleus.

The projectile splits its energy between a small numbers of nucleons in the target. The
hitter nucleons start a cascade of reactions in the target, at the course of which a particle
can be emitted (before the compound nucleus has arrived at a case of statistical equilibri-
um). The pre-equilibrium effects beginning evidencing themselves at energies approxi-
mately 20 MeV, and at excitation energies over 50 MeV their contribution starts becom-
ing important. It is supposed that every probable methods of distribution of the excitation
energy among every various particle-hole arrangements with the equal exciton number
have equal possibility to happen. Also, the pre-equilibrium models are very essential in-
strument to analyze and understand nuclear reactions at excitation energies ranging from
several tens of MeV above to the GeV regions (Getachew G. 2011). On the other hand,
nuclear reaction models based on semiclassical, also totally quantum mechanical theories

are suggested for pre - equilibrium emission mechanism (Bethe 1937).

Several of the significant semiclassical models are (Bethe 1937):

1- Intranuclear Cascade Model (INCM)

2- Exciton model

3- Hybrid and Geometry Dependent Hybrid model (GDH)

4- Index Model
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3.6.4.1. Intranuclear Cascade Model (INCM)

In 1947 Serber was proposed the first intra-nuclear cascade model (INCM) (Serber 1948)
also it is the initial nuclear reaction model that included pre - equilibrium emission. The
first computation of pre-equilibrium angular distributions was completed by this model
utilizing the quasi-free scattering inside the nucleus. Figure. 3.3, shown the graphic ex-
plain the (INCM).

Intranuclear Cascade Models (Gudima, Mashnik, and Toneev 1983), (Bertini 1963),
(Yariv and Fraenkel 1981), (Boudard et al. 2002) characterizing interactions among an
impinging particle and target nucleons throughout intranuclear cascade as a series of bi-
nary collisions separated in space and time. This is proper if a mean free path of the inci-
dent particle in the target nucleus is greater than the inter-nucleon lengths then the inci-
dent particle wavelength is smaller than a mean distance among nucleons of the target

nucleus. The path among collisions is given to be linear.

The collisions progress until an appointed degree of equilibrium is arrived. The standard
utilized in the Intra-Nuclear Cascade Model (INCM) of Cugnon (INCL4) is an empirical
time of equilibrium (so is called cutoff time, is nearly equal to Tcut = 30 fm/c that permits
five consecutive nucleon-nucleon interactions on the average), which was deduced from a
clear change of the studied quantities (Pienkowski et al. 1994). The Intra-nuclear Cascade
Model in CEMO3 is founded on the standers version of the Dubana cascade model (Ba-
rashenkov and Toneev 1972). The CEMO03.1 code utilizes a standard for the escape of a
primary particle from the cascade stage by the effective native optical potential
Woptmod(r) determined from the native interaction cross sections, including the blocking
effects because of the Pauli Exclusion Principle. The Intra-Nuclear Cascade model
(INCM) is a factual model but in general; the model forecasts are not satisfying at back-
ward angles and in several forward angles also. To determine the secondaries produced in
the interaction and calculate the momenta of the particles utilizes process classes and
model classes. (Getachew 2011). The momenta of the two nucleons contributing in the
absorption are chosen at random from the Fermi distribution and the pion energy is dis-
tributed evenly among these nucleons in the center of mass system of the three particles

contributing in the absorption (Mashni 2005).
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To sum up, the fundamental steps of the INC model are abbreviated are (Getachew
2011):

1- The space point at which the incident particle enters the nucleus is chosen uniformly
above the projected region of the nucleus.

2- Total cross sections particle-particle and region-dependent nucleon densities are uti-
lized to select a trajectory length for the projectile.

3- The kind of reaction, the momentum of the struck nucleon and the four momentums of
the reaction outputs are determined.

4- If the Pauli Exclusion Principle permits and Ecut off < Eparticle = 2 MeV, step (2) is per-

formed to transmit the products. Then the exciton model updated as the cascade proceeds.

3.6.4.2. Exciton Model

The Exciton model is offered and first introduced by Griffin in 1996 and later modulate
by many researchers. The number of excited particles and holes (the excitons) at any
phase of the nucleon-nucleon cascade, in the Exciton model it is called the compound
nucleus states. In that model the equilibration among target and projectile is accom-
plished by the series of nucleon-nucleon interactions (Nigussie 2012). The initial configu-
ration is unchanging by the nature of the projectile. For example in case of a nucleon in-
duced reaction, it is a two particle (2p) one hole (h) configuration because of the interac-
tion of the incident nucleon with a nucleon of the target which is excited from a state be-
low to a state on top of the Fermi energy. Where p is the number of particles and h is the

number of holes, then the exciton number (n) is describe by n = p+h.

An excited nucleus is considered as a gas of quasi particles i.e., particle-hole degree of
freedom is incorporated. In this the nuclear potential is shown with evenly spaced singu-
lar particle levels, i.e., levels whose occupancy is each 0 or 1. At first the target nucleus is
in ground state. The projectile nucleon enters the target nucleons with a given energy and
form a one particle (p=1) without hole (h=0) state, i.e., a state with exciton number n = 1.
At this phase, the projectile has entered the nuclear force field but has not been absorbed

by the target.
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It is still in the entry channel and the field of nuclear force can be left with out of interac-
tion with any individual target neuelion. As every the levels under the Fermi energy are
filled, the first interaction among the projectile and target nucleon will raise the later on
top of the Fermi energy and go away a hole below. The absorption of the projectile nu-
cleon by the target leads to the configuration of n = 3 exciton state, it is means a 2p-1h
state is formed (Koning, Hilaire and Goriely 2013). After configuration of the n = 3 exci-
ton state any of the excited particles perhaps emitted if it has due energy to escape. If but,
particle emission does not occur; consequently there will be a extra two body interaction
either between one of the two excited particles and a particle under the Fermi surface or
between the two excited particles themselves. For this reason a two body interaction will
lead to transitions in which the modification in the exciton number An = +2, 0 (Getachew
2011).

3.6.4.3. Hybrid and Geometry Dependent Hybrid (GDH) Model

The intra-nuclear cascade (INC) computation outcomes indicated that the exciton model
shortage resulted from a failure to satisfactorily reproduce enhanced emission from the
nuclear surface. So as to provide a first order correction for this deficiency the hybrid
model was reformulated. This model was redrafted and it was proposed by Blann and
vonach (Blann and VVonach 1983).

The Hybrid Model preserves the physical transparency and ease of the exciton model
while permitting the calculation absolute spectral produce as in the Harp-Miller-Bern
(HMB) model. The continuum decay rates are calculated from the partial state densities
while the intra-nuclear transmission rates are calculated from the mean free path of the
nucleons in the nuclear matter. The mean free path, in turn, perhapes estimated either
from free nucleon - nucleon scattering cross sections or from the imaginary part of the
optical potential (Gadioli and Hodgson 1992). Furthermore, this model multi pre-
equilibrium particle emission beside with equilibrium decay is considered while the spec-
tra of emitted particles are computed for all steps in the energy dissipation process in-

duced by the interaction among projectile and target nucleons.
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On the other hand, the ability of the hybrid model of pre-equilibrium nuclear reaction to
predict unidentified excitation functions and to perform alpha priori computations of nu-
clear reactions cross sections for a wide diversity of reaction sorts is an outstanding fea-
ture of this model. Other than, there are distinct dissimilarities in the quality of such com-
putations depending on the type of bombarding particle and on the excitation energies of
the reacting systems (Michel et al. 1985). The geometry dependent hybrid model is a var-

iant of the hybrid model in which the nuclear geometry effects are considered.

In hybrid model computations the nuclear matter intensity is taken as consistent through-
out the nucleus while the geometry dependent hybrid (GDH) model takes into calculation

the reduced matter density and hence also the surface potential at the nuclear surface.

3.6.4.4. Index Model

Index model was developed by Ernst (Ernst et al. 1987), of independently interacting
excitons, for pre equilibrium emission which unifies the exciton and hybrid models. The
basic supposition of the index model is that every excited particle which survives emis-
sion experiences two - body collisions and generate further particle (p), hole (h) pairs
independently from each other. Thus the energy of all exciton is shared by the three exci-

tons of the subsequent phase.

The average nucleon - nucleon collisions rates and the interior energy in this model are
possessed from the interaction rate of nucleons inside the nuclear matter. This model is
not generally utilized as compared to exciton and Geometry Dependent Hybrid model
(GDH) (Ernst et al. 1987).
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3.7. Accelerator Driven System (ADS)
3.7.1. The Historical Notes About ADS and Transmutation

That the bombarding of uranium target by high-energy protons would generate major
yields of neutrons studied by researchers in the 1940s. The neutrons output by these reac-
tion could be utilized to produce fissionable material through nuclear reactions. Glenn
Seaborg produced the first man-made plutonium in 1941, using an accelerator. In the pe-
riod 1950-54, the Materials Testing Accelerator (MTA) program at Lawrence Livermore
National Laboratory in California in 1950 (Heilbron et al. 1996) examined in detail the
utilize of accelerators to generate fissionable material. Nearly at the same time as in Can-
ada, Lewis realized the assessment of accelerator breeding in the power programmed and
initiated spallation neutron yield measurements with the McGill cyclotron. The project
ended in 1954 and the documents were declassified in 1957.

Lawrence et al, suggested to radiate different thick targets such as (U, Be and Li) by pro-
tons and deuterons to measure the cross-sections, neutron yields, and the feasibility of
changing the fertile (depleted uranium or thorium) to produced or fissile material Pu®®,
U?* respectively (Rubbia, Aleixandre and Andriamonje 2001). This was the first incen-
tive, because the United States of America (USA) were dependent on overseas uranium
sources. A few years later, the MTA project was stopped up when rich domestic uranium
ores were found in the Colorado plateau. Over the coming decades, important investiga-
tions have been estimation to assess deficiencies in different transmutation modes. For
instance, neutron yields and spectra in uranium targets radiated by relativistic protons
(Tolstov 1989), (Vasil'kov et al. 1978) and nuclei (Voronko et al. 1991) and neutron
cross-sections for a number of isotopes have been measured in JINR Dubna. At the end
of 1980’s at Japan Atomic Energy Research Institute (JAERI) has started the first fully

conceptual and complex research of the radioactive waste transmutation.

Later studies from 1975 to 1988 on the Fertile-to-Fissile transformation (FERFICON)
Program - a cooperating attempt with different laboratories - researched the energy de-
pendence, able to 800 MeV, of the fertile-to-fissile transformation capacity utilizing in-

corporated target materials and geometries (Rubbia, Aleixandre and Andriamonje 2001).



29

Option Making Extra Gains from Actinides and Fission Products (OMEGA) it is A long-
term program for examine and development on nuclide partition and transmutation tech-
nology (Mukaiyama 2003). From the beginning of 1990’s the OMEGA program which
initiated the global interest in transmutation topic. A detailed concept of the Accelerator
Transmutation of Waste (ATW), utilizing thermal neutrons have been created by Bow-
man C, from Los Alamos National Laboratory (LANL), also he proposed the utilize of a
linear accelerator with a high-intense proton current nearly amount to (~ 250 mA) of 1.6
GeV energy (Bowman et al. 1992). From European Council for Nuclear Research
(CERN), C.Rubbia suggested a basic concept of the Energy Amplifier, also called Accel-
erator Driven Energy Production (ADEP) (Carminati et al. 1993) illustrated in Figure 3.5.
The stimulus for ADEP is comparable as for the MTA project. This conception is based
on the utilize of Th?32 as a fuel for the produce of fissile U?® (Krasa 2010), it seen by this
equation
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3.7.2. Nuclear Transmutation

In 1919 Ernest Rutherford, demonstrated transmutation, as the first, on instance of 14N +
a —170 (Rutherford 1919). Afterward demonstrate the first accelerator-driven transmu-
tation in 1932 by J. D. Cockroft and E. T. S. Walton . They bombarded (Li) target with
(125 to 500) keV protons (from linear accelerator) and "transmuted™ Li-nucleus into two
a-particles (Cockcroft and Walton 1932).

Nuclear transmutation is a process where in the structure of an atomic nucleus changes.
The nucleus physics properties are change when changing the number of neutrons such
as, activity, half-life and radiation energy. However, when changing the number of pro-
tons, the nucleus obtains also different chemical properties for instance, chemical cou-

pling and reaction rate (Kréasa 2008).

The main advantage of transmutation is a reduction in the minor actinide and long lived
fission product content of the High-level waste (HLW). The first and most efficient stage
to decrease the total mass of the High-level waste is the transmission from an Light water
reactor (either pressurised or boiling) once-through strategy with immediate elimination
of the fuel elements to a plutonium burning strategy with High-level waste (HLW) vitrifi-
cation. Compared with the latest, transmutation strategies have only an unassuming mass
reduction potential. While the radiotoxic nuclides in the High-level waste (HLW) are able
to only partly be eliminated, transmutation does not make geologic elimination concepts
extra, however must be careful as a complementary waste management method which
might ease the design and licensing requirements for geologic depository because the

geosphere barrier would no longer have a significant safety function.

Transmutation aims at decreasing the radiological impact of actinides and fission prod-
ucts in the High-level waste by nuclear transmutation of trouble some long-lived nuclides

in strong radiation fields. (NEA Nuclear Science Committee 2002).

It seems that, suitably induced transmutations could be utilized to reduce the half-lives of
long-lived a radioactive isotopes (Table 3.1) included in the high level waste that is being

generated during the nuclear fuel burn up in nuclear reactors.
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Produced the radioactive nuclei during the operation of nuclear reactors in two ways:

Fission products and higher actinides (Krasa 2008).

Table 3.1. Fission products and higher actinides consist of in nuclear burnt up fuel, which are predictable
for transmutation. The quantities are yearly waste production (after 10 years of decay) from a typical com-
mercial reactor (3 GW power, with fuel burnt to 33 GW days per ton with the yearly removal of 33 metric
tons uranium equivalent of spent fuel per year) (Bowman 1992)

Fission product Half-life [years] quantity [10% atoms] Activity [Bq]
Se’® 1x 108 13 3 x 10%
Sre° 30 900 7 x 10%®
Zr%s 2 x 10° 1500 2 x 10%?
Te* 2 x10° 1500 2 x 10
Sn'?® 1x10° 46 1 x 10%2
[129 2 x 107 270 4 x 10%
Cs®¥ 30 1400 1x 10Y
Higher actinide Half-life [years] quantity [10% atoms] Activity [Bq]
Np?7 2 x 10° 366 4 x 101
Am?4 400 413 2 x 101
Am?243 7 x 103 73 2 x10%
Cm?* 20 13 2 x 101
P23 90 113 3x10%
Pu23? 2 x 10* 4160 4 x 10"
Py 7 x 10° 1920 6 x 10%
Py 10 640 1 x 10Y
Pu#? 4 x10° 390 2 x 10%?

3.7.2.1. Fission Products

Fission products are being produced by the fission of U%* or Pu?* in classical or quick
nuclear reactors so are mostly slightly over the line of B-stability. To transform them to

stable nuclides, they should capture one or more neutrons and then go through B-decay
(Krésa 2010).

3.7.2.2. Higher Actinides

To transmute higher actinides to stable nuclides, they must undergo neutron capture and
in order fission, which is a process that generates energy and makes the transmutation
attractive from the point of view of energetic. On the other hand, higher actinides, repre-
senting about one per cent of spent fuel, are being generated by the neutron capture with-

in nuclei of U, U8 or Pu?® and their resulting p-decays (Krasa 2010).
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3.7.3. Accelerator Driven System (ADS)

The Accelerator Driven System is a modern form of nuclear reactor which produces en-
ergy even though it residue sub-critical during its life. Every operating reactor in the
world is “critical™ reactors, which denote that the number of neutrons generated by fission
is precisely balanced by the number absent by leakage and absorption by different mate-
rials in the reactor. This balance is accountable for maintaining a constant reactor power
at any required level. Sub-critical reactors output a small number of neutrons via fission
than are lost by absorption and leakage, and require an external supply of neutrons to
preserve a constant reactor power. Interaction of a high energy proton beam with a heavy
atom nucleus like lead, it is caused of comes the external neutron supply, and this process
in nuclear physics is called spallation. The power level in an Accelerator Driven System
(ADS) is bigger for stronger external sources and for reactors which are nearer to “criti-
cal". (Nifenecker, Meplan and David 2003).

Cyclotrons, high-energy accelerators or high-current are able generate neutrons from
heavy elements by spallation. A number of investigate facilities exist which explore this
phenomenon, and there are plans for much bigger ones. In this process, a beam of high-
energy protons usually bigger than to 500 MeV is directed at a high-atomic number target
such as, depleted uranium, tungsten, tantalum, thorium, lead and mercury and up to one
neutron can be outputted per 25 MeV of the incident proton beam. (These numbers con-
trast with 200 to 210 MeV out by the fission of one uranium-235 or plutonium-239 at-
om). A 1000 MeV beam will make 20 to 30 spallation neutrons per proton (World Nucle-
ar Association 2014).

Additionally, can be described neutrons produced in spallation reactions by heir energy
and spatial distributions and multiplicity. The neutron multiplicity ought to decide the
current and beam energy of the proton driver accelerator as their energy and spatial dis-
tribution forms the geometry of the spallation target and the protecting to high-energy
neutrons (Armbruster and Benlliure 2001). Also, the spallation neutrons have only an
extremely very small probability of causing extra fission proceedings in the target
(Rhodes 2013). Produced residual nuclei and neutrons also by spallation reactions that are
means the Spallation reactions do not only produce neutrons. Mainly of these nuclei are
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radioactive. Furthermore, the residual nuclei will contribute to the rust and the corrosion
and to the radiation damages in the target, accelerator window and structural materials
(Armbruster and Benlliure 2001).

The produce neutrons in the spallation reactions have huge potential in research such as,
in energy production, in medical industry, in earth and in space. However, the risk of ra-
dioactive waste emerging from nuclear energy production is a subject of continuous dis-

cussion and public concern in a lot of countries (Hossain, Taher and Das 2015).

Transmutation of extremely radioactive nuclear waste can be carry out utilizing an accel-
erator driven system (ADS), when the spallation target impact by high energy protons
then produce neutrons. These neutrons are multiplied in a sub-critical core, whereas to-
gether fissioning the minor actinides at stable nuclides or short-lived nuclides (Shetty
2013).

The accelerator driven system has recently getting raised interest because of its potential
to get better the flexibility and safety Properties of transmutation systems (Hossain, Taher
and Das 2015). A subcritical reactor is a nuclear fission reactor that generates fission
without realizing criticality. Instead sustaining a series reaction, a sub-critical reactor uti-
lizes extra neutrons from an outside source. Like a reactor coupled to a particle accelera-
tor to output neutrons by spallation is called an Accelerator Driven System (Hossain,
Taher and Das 2015).

Consequently, a sub-critical reactor is driven by an Accelerator Driven System (ADS) to
recompense for the loss of neutron economy which or else would have been self-

sustaining in a critical reactor (Shetty 2013).

Transuranics (higher atomic number than uranium-92, such as "Berkelium" is a transu-
ranic element, atomic number is 97) and mostly minor actinides have such adverse spe-
cial that they drastically decrease the substantial features capable of moderating and sta-
bilizing the series reaction. Great rewarding exists subsequently, to burn such fuels in
dedicated innovative systems with “compact” safety features such in a sub-critical reac-

tor.
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There exist different strategies with respect to nuclear power in the member states of the
EU. Whereas there are countries that consider nuclear power as a role to a sustained en-
ergy stipulation, there are others countries which have today a position aiming to phase
out of nuclear energy. Moreover, in several countries plutonium will be recycled either in
fast reactors or in thermal while in different countries plutonium is considered as a waste.

Partitioning and Transmutation utilizing ADS can play an important role.

The following are essential fundamentals for the development of ADS for the task ex-
pects (Kadi and Revol 2001).

1- A greatest beam power in this range of (12 to 40) MW (characteristically a current of
12 to 40 mA of protons at 1GeV) also a spallation target accepting up to 40 MW of ther-
mal power is necessary for an industrial model to be built and operated approximately
around 2030. This will agree to use of ADS with a power of (500-1500) MWth starting
around 2040.

2- A dedicated fertile free fuel and regarding fuel cycle will be advanced by 2025. ADS
prepared with that fuel will have the ability to burn about 12x 10* g TRUs per TWhe
which is equal to 10° g TRUs per GWe. a (nearly around one years).

3.7.4. The Concept of Accelerator Driven System (ADS)

The concept of accelerator-driven systems (often called hybrid systems) comes together a
particle accelerator with a sub-critical core. Most suggestions suppose proton accelera-
tors, bringing continuous-wave beams with an energy around 1 GeV. The accelerator is
both a linear accelerator (linac) and a circular accelerator (cyclotron). High-power accel-
erators have been under continuous development, and the building of machines with the

necessary specifications (OECD Nuclear Energy Agency 2002).

The protons are inserted upon a spallation target to produce source neutrons for driving
the sub-critical core. The target is made of heavy metal in liquid or solid state. Spallation
reactions in the target produce a few tens of neutrons per incident proton, which are put in
at the sub-critical core to stimulate more nuclear reactions. Excepting for the subcritical
state and the core is quite comparable to that of a critical reactor. It can be designed to

operate with a fast or thermal neutron spectrum (Shetty 2013).
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The energy transformation portion of an accelerator driven nuclear power system is com-
parable to that of a normal power plant. However, the electrical energy which is recycled
to the accelerator reduces the net electrical efficiency of the system in the accelerator
driven system. For an Accelerator Driven System with a neutron multiplication factor of
0.95, the decrease amounts to around 12%. This means that the accelerator driven system
produces about 14% more high-level waste and refuses about 20% more heat to the at-
mosphere than a normal power plant with the same net electrical produce (NEA Nuclear
Science Committee 2002). Subcritical reactor uses for generated the electric energy as

shown in (Figure 3.6).
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Figure 3.6. ADS based electric energy generation (NEA Nuclear Science Committee 2002)



4. RESULT AND DISCUSSION

4.1. Calculation Method

In the present study, the reaction double differential cross section d?c/dE.d0 of intensive
elements were calculated by using nuclear reaction models such us; (equilibrium, pre-
equilibrium). Excitement functions of double differential cross section d?c/dE.d6 for ele-
ments Thorium and Boron was calculated using CEMO03.01 program. Theoretical calcula-
tions of double differential cross section d?c/dE.d0 prophesy that most probable energy
proton were fundamentally emitted from compound nucleus mechanism while higher
energy protons were mainly emitted due to pre-equilibrium and direct reaction mecha-

nism.

The present study describes calculation of the double differential cross section of the sec-
ondary particles (n, p, o) occurring after spallation in the reactions p + 9Th%? and p +
sB°. Nuclear model calculations are a major attention in nuclear reaction programmes,
especially with regard to their predictive power in event of unknown double differential

cross sections d%c/dE.do.

In this study, 90Th?*2 and sB° bombardment by the accelerated proton at different ener-
gies is utilized by several energy range randomly. For instance, p + 90Th?®, (p, o) was
used in the ranges (20-500) MeV and for that reaction p +sB!°, (p, o) was used only at
660 MeV. On the other hand, for p + sB°, (p, n) reactions passed out in the (30, 50 and
186) MeV proton incident energy range. In this study, also all reactions were used at
many angles for the calculations such as; CEM03.01 codes.

In addition, compared d2c/dE.d6 for ooTh*? and sB in the p + 90 Th?*? and p + sTh'° re-
actions for (p, n), (p, ), (p, p) forms at 360 MeV with various angles (0°, 20°, 40°, 60°)

respectively.
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4.2. CEMO03 Computer Program

CEMO03.01 is the most modern computer program in a sequence of codes include
CEM97, CEM2k+GEMZ2, and CEMO95. It is an prolonged and gets better version of the
previously codes, which perform versions of the Cascade-Exciton Model of nuclear reac-
tions. This program considers Intra Nuclear Cascade, preequilibrium, fission, evaporation
and Fermi Break-up mechanisms of nuclear reactions as well as coalescence of compli-

cated particles up to Alpha(a) from speedy INC nucleons.

This computer program measures total reaction and fission cross-sections, nuclear facili-
ties, excitation functions, nuclide distributions (yields) of all generated isotopes separate-
ly. Furthermore, to their (A) and (Z) distributions, energy and double-differential cross-
sections, angular spectra, mean multiplicities, i.e. the numeral of ejectiles per inelastic
interaction of the projectile together with the target, ejectile yields and their mean ener-
gies for p, n, d, t, 3He, o, 7+, -, and n°. By modifying an input changing, evaporation of
as many as sixty isotopes heavier than a (up to 2®Mg) perhaps also modeled. Beside that,
CEMO03.01 provides in its output separately the yields of Backward and Forward created
isotopes, their denote Kinetic energies, Z and A distributions of the mean emission angle,
their parallel velocities, and the Forward/Backward ratio of commonalty products in the
laboratory system, distributions of the indicate angle between two fission spall of mo-
mentum and angular momentum , of neutron multiplicity, of the excitation energy, and of
mass and charge numbers of residual nuclei after the Intranuclear Cascade and pre-
equilibrium stages of reactions, as well as for fissioning nuclei before and after fission.

CEMO03.01 calculates reactions produced by nucleons, pions, bremsstrahlung and mono-
chromatic photons on not too light targets at incident energies nearly from ~10 MeV (~30
MeV, in the case of y + A) up to various GeVs. (Mashnik et al. 2005). The Cascade-
Exciton Model of nuclear reactions was suggested firstly at the Laboratory of Theoretical
Physics (Ganesan 2007) to describe average-energy spallation reactions yield by nucleons
and pions. It was determined on the Dubna IntraNuclear Cascade and the Modified Exci-
ton Model (Kadi 2001) and (Barros 2010).
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4.3. Reactions

4.3.1. p + 90Th?*? Reaction

Thorium is a chemical and radioactive element by indication (Th ) and atomic number 90.
That occurs naturally in low condensation about ten parts per million in the earth’s crust.
Thorium in also unmixed appearance is a silvery heavy metal which is about intense lead
(pb). In nature, approximately all thorium is 9o Th?*2, as the same time as several addition-
al isotopes could be present in small quantities. The half-live of thorium-232, the isotope
of most concern, is very long. Thorium-232 is present in soil and ore in temporal equilib-

rium with radium.

The main use of thorium has been in the preparation of the Welsbach cloak for portable
gas lanterns. It was an important mix up element in magnesium which used to mantle
tungsten wire for components of electronic tools, while it was used for more ways. Tho-

rium can also be used as a fuel in nuclear reactors.

However, Th itself was not fissile, it convert into the fissile isotope U-233 onto absorp-
tion of a neutron. Thorium is mostly a health hazard only if it uses into the body. External
gamma disclosure was not a great concern because thorium emits only a small quantity of
gamma radiation (http://hpschapters.org/northcarolina/NSDS/thorium.pdf). In this study,

the thoriuom element using for p + 9o Th?%2 Reaction formation by CEMO3 program.

In that reactions, at different energies the double differential cross section with the all
forms cross section with the same mass number were calculated also thoughtful that re-
sult by CEMO3 program and compared so as to result with experimentally measured val-

ues.


http://hpschapters.org/northcarolina/NSDS/thorium.pdf
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4.3.1.1. Alpha Double Differential Cross Section for p + 90Th?3 Reaction at Ep=20
MeV; 6= 60°

The double differential cross sections d?c/dE.d0 of emission (alpha, neutron and proton)
particle for p + 90 Th?¥? reactions are calculated by CEMO3 code program.

The calculate double differential cross section d?c/dE.d of alpha emission for p + g0 Th?*?
at 20 MeV incident energetic protons are illustrative in the Figure and Table 4.1., respec-
tively. The shape of calculate results curve of double differential cross section
(d?c/dE.d6) for alpha emission at this energy for four steps (Total, Cascade, Precom-
pound and Evaporation) are different at angle 60°. The form of calculate results curve are

nearly similar to total and precompound.

On the other hand, the evaporation increases together with increases alpha energies emis-
sion. However, the cascade in this case not shown because, all results are zero, the inci-

dent proton energy is smaller to target element, has large mass number.

Additionally, number of elastic interactions and number of inelastic interactions are
(341590 and 1000000), respectively. While, reaction cross section and elastic cross sec-
tion are about (1477.87 and 504.82 mb), respectively.

Table 4.1. Alpha scattered double differential cross section (mb/MeV.sr) for p + o Th?*? reaction

22Th(p, a); Ep=20 MeV; 6=60° CEMO3 - Code
Total Precompound Evaporation
Ew(MeV)
Double differential Double differential Double differential

Cross section Cross section Cross section
(mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr)

22 0.001 0.001 0.000

24 0.008 0.008 0.000

26 0.005 0.005 0.000

28 0.003 0.001 0.002
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Figure 4.1. Double differential cross section (mb/MeV.sr) of the alpha generated as a result of bombard-
ment of element o Th?32 with 20 MeV energetic protons and 6= 60° degree

4.3.1.2. Alpha Double Differential Cross Section for p + 90Th?? Reaction at Ep=20
MeV; 0= 60°, Compare between CEMO03 and Experimental Data

Figure 4.2. Shows that the comparison of calculated double differential cross section of
alpha emission with experimental data at the incident proton energy 20 MeV with angle
60° degree. For 22Th(p, xa) reaction the pre-equilibrium calculations (cascade- exciton
CEMO03 and hybrid models) are in good agreement with the measurements. However, the

experimental data and CEMO3 have an inconsistency at energies 20 MeV Figure 4.2,

Also, the higest value in CEMO03 code program is 0.008 at 24 MeV but in experimental
data the highest value is 0.089 at 25.511 MeV. However, the lowest value in CEMO03
code program is recording as 0.001 at 22 MeV but in experimental data the lowest value
is about 0.001 at 29.953 MeV.



41

Table 4.2. Alpha scattered double differential cross section (mb/MeV.sr) for p + oo Th?? reaction

22Th(p, a); Ep=20 MeV; 0= 60°, Total Double Differential Cross Section (mb/MeV .sr)
Eo«(MeV) CEMO3 - Code Experimental E,=20 MeV;
0= 60.25° ( Milazzo-Colli, Bra-
ga-Marcazzan and Milazzo 1975)

21.28 0.019
21.54 0.023
21.93 0.021
22.00 0.001

22.00 0.025
22.51 0.039
22.94 0.047
23.02 0.029
23.54 0.038
23.97 0.051
24.00 0.008

24.04 0.044
24.55 0.064
24.98 0.040
25.05 0.076
25.51 0.089
25.94 0.061
26.00 0.005

26.02 0.084
26.51 0.067
26.99 0.051
27.04 0.055
27.10 0.036
27.50 0.061
27.93 0.044
28.00 0.003

28.01 0.044
28.52 0.027
28.57 0.023
29.05 0.006
29.55 0.015
29.62 0.005
29.68 0.005
29.82 0.002
29.95 0.001
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Figure 4.2. Double differential cross section (mb/MeV.sr) of the alphas generated as a result of
bombardment of element 0 Th%? with 20 MeV energetic protons and 6= 60° degree

4.3.1.3. Alpha Double Differential Cross Section for p + s0Th?3? Reaction at Ep=360
MeV; 0= 220

The double differential cross sections d?c/dE.d0 of emission (alpha, neutron and proton)
particle for p + 9 Th?3 reactions are calculated by CEMO03 code program. The calculate
double differential cross section d?c/dE.d0 of alpha emission for p +90Th*2 at 360 MeV
incident energetic protonsare illustrative in Figure 4.3 and Table 4.3. The results are
showing different shapes of curve of the double differential cross section (d?c/dE.d8) for
alpha emission at this energy for four steps (Total , Cascade , Precompound and Evapora-
tion ) at angle 22°. As can be seen in Figure 4.3 total double differential cross section
with evaporation is increasing when alpha energies are increasing until the peack, after
that each others are decreasing slightly when alpha energies are increasing. On the other
hand, the cascade at the beginning of a graphic form is increasing with increasing of the
alpha energy to reach the highest point. After it increases and decreases alternately with
increasing alpha energy emitted.
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Similarly, precompound is increasing by increasing of the alpha energy to reach the
highest point after it, increases and decreases alternately with increasing alpha energy
emitted. In addition, number of elastic interactions is 578028, number of inelastic interac-
tions is 1000000, Reaction cross section is 1728.55 mb and elastic cross section is
999.15 mb.

Table 4.3. Alpha Scattered Double Differential Cross Section (mb/MeV.sr) for p + 0Th?32 reaction

232Th(p, a); Ep=360 MeV; 6=22° CEMO03 - Code
Total Cascade Precompound Evaporation
Eo(MeV)  "Double differential | Double differential | Double differential | Double differen-
Cross section Ccross section Cross section tial cross section
(mb/MeV.sr) (mb/MeV .sr) (mb/MeV .sr) (mb/MeV.sr)

2 0.007 0.003 0.003
3 0.022 0.018 0.003
4 0.056 0.022 0.033
5 0.074 0.041 0.033
9 0.141 0.044 0.097
10 0.160 0.056 0.104
15 0.171 0.067 0.104
16 0.209 0.056 0.153
17 0.201 0.070 0.130
21 0.384 0.037 0.347
22 1.311 0.082 1.22
24 1.968 0.054 0.014 1.899
26 1.649 0.044 0.022 1.582
28 0.995 0.057 0.020 0916
30 0.675 0.041 0.050 0.584
32 0.347 0.041 0.035 0.270
34 0.239 0.035 0.035 0.168
36 0.153 0.031 0.042 0.078
38 0.115 0.026 0.041 0.048
46 0.069 0.035 0.028 0.005
48 0.037 0.018 0.018
50 0.063 0.037 0.026
56 0.041 0.016 0.024
58 0.039 0.020 0.018
60 0.028 0.014 0.013
66 0.016 0.005 0.011
72 0.014 0.007 0.007
80 0.014 0.013 0.001
82 0.007 0.005 0.001
84 0.016 0.007 0.009
86 0.005 0.001 0.003
88 0.007 0.005 0.001
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Figure 4.3. Double differential cross section (mb/MeV.sr) of the alpha generated as a result of
bombardment of element ¢oTh?32 with 360 MeV energetic protons and 0= 22° degree

4.3.1.4. Alpha Double Differential Cross Section for p + 90Th?3 Reaction at Ep=360
MeV; 0= 22° Compare between CEMO03 and Experimental Data

The comparison of calculate double differential cross section of alpha emission with ex-
perimental data at the incident proton energy 360 MeV with angle 22° degree are given in
Figure 4.4 and Table 4.4. For 22Th(p, xo) reaction the pre-equilibrium calculations (cas-
cade- exciton CEMO03 and hybrid models) in good agreement with the measurements.
However, the calculate results are also in good agreement with experimental data at ener-
gies 360 MeV Figure 4.4.

In addition, the higest value in CEMO3 code program is 1.968 at 24 MeV but in experi-
mental data the highest value is 1.39 at 110.9 MeV. However, the lowest value in CEMO03
code program is 0.003 at 90MeV while in experimental data the lowest value is 0.81 at
239.1 MeV.



Table 4.4. Alphas Scattered Double Differential Cross Section (mb/MeV .sr) for p + o Th?32 Reaction
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232Th(p, o); Ep=360 MeV; 6= 22°, Total Double Differential Cross Section (mb/MeV .sr)
E« (MeV) CEMO03 — Code Experimental Ep=360MeV;
9=22.5° (Ilwamoto et al. 2009)

2.0 0.007

5.0 0.074

6.0 0.063

7.0 0.067

10.0 0.160

11.0 0.183

12.0 0.164

16.0 0.209

17.0 0.201

18.0 0.168

21.0 0.384

22.0 1.311

24.0 1.968

26.0 1.649

28.0 0.995

34.0 0.239

36.0 0.153

38.0 0.115

40.0 0.078

48.0 0.037

50.0 0.063
52.0 0.042 1.04
54.0 0.069

62.0 0.020

68.0 0.011
70.0 0.016 1.19
72.0 0.014

78.0 0.005

80.0 0.014
82.0 0.007 1.20
84.0 0.016

90.0 0.003
91.8 1.37
100.9 1.38
130.0 1.25
140.0 1.26
149.1 1.2
180.1 1.16
189.2 1.04
200.1 0.93
209.2 0.89
220.1 0.89
228.3 1.01
239.2 0.81
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Figure 4.4. Double differential cross section (mb/MeV .sr) of the alphas generated as a result of bombard-
ment of element o Th?32 with 360 MeV energetic protons and 6= 22° degree

43.15. Alpha Double Differential Cross Section for p + 90Th?*? Reaction at Ep=500
MeV; 0= 40°

The double differential cross sections d?c/dE.d0 of emission (alpha, neutron and proton)
particle for p + o0Th?*? reactions arecalculated by CEMO3 code program.

The calculate double differential cross section d?/dE.d0 of alpha emission for p +goTh?%?
at 500 MeV incident energetic protons are showing in Figure 4.5 and Table 4.5. The
shape of calculate results curve of double differential cross section (d’c/dE.d0) for alpha
emission at this energy for four steps (Total, Cascade, Precompound and Evaporation )
are different at angle 40°. As can be seen in Figure 4.5 total cross section and evapora-
tion are increasing at beginning when alpha energy is increasing until the peak, after that,
evaporation is decreasing slightly when alpha energy is increasing but total cross section
is decreasing normally. On the other hand, when cascade and precompound at begin in a
graphic form are increasing sharply with increaseing of the alpha energy to reach the
highest point at the peck, while they are decreases slope form with increasing alpha ener-

gy emitted. In addition, number of elastic interactions is 529193, number of inelastic in-
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teractions is 1000000, reaction cross section is 1746.35 mb and elastic cross section is

924.16 mb.

Table 4.5. Alpha Scattered Double Differential Cross Section (mb/MeV.sr) for p + oo Th?¥? Reaction

22Th(p, a); Ep=500 MeV; 6=40° degree CEMO03 — Code
Total Cascade Precompound Evaporation
Ea(MeV) Double differen- Double differen- Double differen- Double differen-
tial cross section tial cross section tial cross section tial cross section
(mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr)

1 0.013 0.013

2 0.022 0.011 0.011

3 0.040 0.022 0.018

6 0.115 0.031 0.083

7 0.180 0.038 0.142

8 0.225 0.049 0.175

9 0.212 0.056 0.155

12 0.225 0.060 0.164

13 0.257 0.069 0.187

14 0.248 0.087 0.160

20 0.365 0.083 0.281

21 1.060 0.049 0.002 1.008

22 2.591 0.067 0.004 2.519

24 3.698 0.068 0.011 3.618

26 2.866 0.056 0.016 2.793

28 2.000 0.060 0.029 1.91

30 1.203 0.050 0.047 1.105

32 0.758 0.054 0.049 0.655

34 0.482 0.052 0.043 0.385

36 0.351 0.052 0.051 0.246

48 0.068 0.030 0.030 0.007

50 0.072 0.032 0.032 0.006

52 0.059 0.014 0.041 0.003

54 0.078 0.032 0.043 0.002

56 0.064 0.024 0.037 0.002

68 0.042 0.021 0.021

70 0.034 0.014 0.020

72 0.031 0.009 0.022

74 0.022 0.006 0.015

84 0.016 0.007 0.009

86 0.013 0.005 0.007

90 0.015 0.011 0.004
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Figure 4.5. Double differential cross section (mb/MeV.sr) of the alpha generated as a result of
bombardment of element g0 Th?? with 500 MeV energetic protons and 6= 40° degree

4.3.1.6. Alpha Double Differential Cross Section for p + 90Th?3 Reaction at Ep=500
MeV; 0= 40°, Compare between CEMO03 and Experimental Data

The comparison of calculate double differential cross section of alpha emission with ex-
perimental data at the incident proton energy 500 MeV with angle 40° degree are show-
ing in Figure 4.6 and the Table 4.6. For Z2Th(p, xo)) reaction the pre-equilibrium calcu-
lations (cascade- exciton CEMO03 and hybrid models) are in good agreement with the
measurements. From Figure 4.6, the calculate results are also in good agreement with

experimental data at energies 500 MeV.

The higest value in CEMO03 code program is 3.698 at 24 MeV but in experimental data
the highest value is 0.83 at 118.2 ,128.5 and 137.5 MeV respectively. However, the low-
est value in CEMO3 code program is recording at 0.013 at 1MeV while in experimental
data the lowest value is 0.0183 at 388.5 MeV.



Table 4.6. Alphas Scattered Double Differential Cross Section (mb/MeV.sr) for p + 9o Th?% reaction
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232Th(p, ao); Ep=500 MeV ; 0= 40°, Total Double Differential Cross Section (mb/MeV .sr)
Eo (MeV) CEMO3 - Code Experimental E,=500MeV;
0= 40.5°, (lwamoto et al. 2009)

0.1 0.013

2.0 0.022

3.0 0.040

7.0 0.180

8.0 0.225

9.0 0.212

20.0 0.365

21.0 1.06

22.0 2.591

24.0 3.698

26.0 2.866

28.0 2.000

30.0 1.203

32.0 0.758
394 0.550
40.0 0.162

42.0 0.128
44.0 0.095 0.580
52.0 0.059

54.0 0.078
58.8 0.650
60.0 0.045

70.0 0.034
71.7 0.700
76.0 0.024

79.5 0.740
80.0 0.030

82.0 0.016
91.1 0.740
1014 0.780
104.0 0.620
110.4 0.780
118.2 0.830
128.5 0.830
137.5 0.830
180.1 0.700
187.8 0.620
198.1 0.580
260.0 0.430
270.3 0.340
289.6 0.280
299.9 0.234
310.2 0.183
359.0 0.055
370.6 0.038
388.5 0.0183
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Figure 4.6. Double Differential Cross Section (mb/MeV.sr) of the alphas generated as a result of
bombardment of element g0 Th?? with 500 MeV energetic protons and 6= 40° degree

4.3.1.7. Alpha Double Differential Cross Section for p + 90Th?3 Reaction at Ep=500
MeV; 6= 70°

The double differential cross sections (d?c/dE.d®) of emission (alpha, neutron and pro-
ton) particle for p + 90 Th?% reactions are calculated by CEMO03 code program. The calcu-
late double differential cross section (d?c/dE.d0) of alpha emission for p + g0 Th?* at 500
MeV incident energetic protons are illustrative in Figure 4.7 and Table 4.7. The shape of
calculate results curve of double differential cross section (d?c/dE.d6) for alpha emission
at this energy for four steps (Total, Cascade, Precompound and Evaporation ) are differ-
ent at angle 70°. The form of calculate results curve are nearly similar to total and evapo-
ration because, both have one peak but evaporation decreases slightly when alpha energy
increases. On the other hand, cascade and precompound double differential cross section
are increasing with increasing alpha energies emission, it is to reach the highest value ,

then they both decreases in a slope form when increases alpha energy.
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Moreover, number of elastic interactions and number of inelastic interactions are

recoreded about (529193 and 1000000), separately. However, the reaction cross section is
1746.35 mb and elastic cross section is 924.16 mb.

Table 4.7. Alpha Scattered Double Differential Cross Section (mb/MeV.sr) for p + ¢0Th?*2 Reaction

232Th(p, a); Ep=500 MeV; 6=70° degree CEMO03 - Code
Total Cascade Precompound Evaporation
Ea(MeV) Double differen- Double differe- Double differen- | Double differen-
tial cross section | ntial cross section | tial cross section tial cross section
(mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr)

1 0.007 0.007
2 0.015 0.008 0.007
3 0.022 0.010 0.012
4 0.061 0.012 0.049
8 0.163 0.028 0.135
9 0.209 0.052 0.156
18 0.248 0.051 0.197
19 0.239 0.042 0.197
20 0.478 0.051 0.427
21 1.427 0.049 0.005 1.372
22 2.873 0.029 0.003 2.84
24 3.622 0.039 0.006 3.577
26 2.781 0.037 0.029 2.714
28 1.832 0.036 0.034 1.762
30 1.069 0.029 0.030 1.009
32 0.674 0.036 0.039 0.598
34 0.390 0.024 0.048 0.317
36 0.271 0.034 0.044 0.192
38 0.175 0.027 0.036 0.112
40 0.129 0.022 0.047 0.058
42 0.081 0.018 0.037 0.025
44 0.073 0.018 0.039 0.015
46 0.078 0.015 0.051 0.010
48 0.082 0.021 0.048 0.012
74 0.020 0.006 0.014

76 0.016 0.004 0.012

78 0.015 0.003 0.012

80 0.018 0.006 0.012

82 0.013 0.004 0.008

84 0.014 0.002 0.012

86 0.007 0.003 0.004

88 0.007 0.000 0.007

90 0.014 0.004 0.009
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Figure 4.7. Double differential cross section (mb/MeV.sr) of the alpha generated as a result of bombard-
ment of element o Th?32 with 500 MeV energetic protons and 6= 70° degree

4.3.1.8. Alpha Double Differential Cross Section for p + 90Th?? Reaction at Ep=500
MeV; 0= 70°, Compare between CEMO03 and Experimental Data

The comparison of calculate double differential cross section of alpha emission with ex-
perimental data at the incident proton energy 500 MeV with angle 70° degree. For
2%2Th(p, xa) reaction the pre-equilibrium calculations (cascade- exciton CEMO03 and hy-
brid models) are in good agreement with the measurements. Results from Figure 4.8 are
also shows that the calculate in good agreement with experimental data at energies 500
MeV. The higest value in CEMO03 code program is 3.622 at 24 MeV but in experimental
data the highest value is 0.66 at 52 MeV. However, the lowest value in CEMO03 code pro-
gram is 0.007 at 1 MeV but in experimental data the lowest value is 0.005 at 269 MeV.



Table 4.8. Alpha Scattered Double Differential Cross Section (mb/MeV.sr) for p + 9o Th?% reaction
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232Th(p, a); Ep=500 MeV; 6= 70°, Total Double Differential Cross Section (mb/MeV.sr)
Ea (MeV) CEMO3 - Code Experimental E,=500 MeV;
9= 70.0°, (lwamoto et al. 2009)

1.0 0.007

2.0 0.015

3.0 0.022

4.0 0.061

7.0 0.156

9.0 0.209

10.0 0.223

13.0 0.276

17.0 0.255

20.0 0.478

21.0 1.427

22.0 2.873

24.0 3.622

26.0 2.781

30.0 1.069

0.40 0.129
43.9 0.500
44.0 0.073

50.0 0.051
51.6 0.590
52.0 0.056 0.660
60.0 0.033

64.0 0.024

70.0 0.028

72.0 0.020

0.80 0.018
81.0 0.500
81.3 0.590
90.0 0.014
100.9 0.620
119.1 0.540
140.0 0.400
150.8 0.360
160.1 0.297
170.1 0.234
189.2 0.195
189.4 0.163
200.1 0.129
220.1 0.090
228.3 0.071
230.5 0.053
249.2 0.047
267.4 0.023
269.0 0.005
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Figure 4.8. Double differential cross section (mb/MeV.sr) of the alphas generated as a result of bombard-
ment of element o Th?3? with 500 MeV energetic protons and 6= 70° degree

4.3.1.9. Alpha Double Differential Cross Section for p + s0Th?3? Reaction at Ep=360
MeV; 0= (0°, 20°, 40°, 60°)

The double differential cross sections (d°c/dE.d6) of emission (alpha, neutron and proton)
particle for p + 90 Th?*? reactions are calculated by CEMO3 code program. The calculate
consequences of the double differential cross sections (d?c/dE.d0) of alpha particle emis-
sion for p + 90Th?*2 reaction are illustrative in Figure 4.9 and Table 4.9, at the proton in-
cident energy 360 MeV. The calculation of total double differential cross section are var-
ious for angles (0°, 20°, 40° and 60°). The form of calculated results curve are similar to
each other. The peaks of the curves at high alpha emission energy are participates of the
immediate reaction mechanism. From the line graph, total double differential cross sec-
tion are decreasing in a different orientation, because of various angles. In addition, num-
ber of elastic interactions is 578028, number of inelastic interactions is 1000000, reaction

cross section is 1728.55 mb and elastic cross section is 999.15 mb.
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Table 4.9. Alpha scattered Double differential cross section (mb/MeV.Sr) for p + oo Th>3? reaction , Ep=360

MeV energy with 6= (0°, 20°, 40°, 60°) degree Calculation have been made by CEMO03 code program

232Th(p, a); Ep=360 MeV; 6= (0°, 20°, 40°, 60°) respectively
Total Double Differential Cross Section (mb/MeV .sr)
E«(MeV) CEMO3 - Code

Angle Angle Angle Angle

0=0° 0=20° 0= 4Q° 0=60°

1 0.018 0.003 0.004 0.010
3 0.036 0.014 0.022 0.019
4 0.072 0.037 0.058 0.060
5 0.018 0.074 0.053 0.055
6 0.090 0.070 0.100 0.073
7 0.072 0.100 0.104 0.090
10 0.144 0.134 0.140 0.121
11 0.163 0.145 0.125 0.109
12 0.144 0.168 0.138 0.125
13 0.036 0.119 0.147 0.120
17 0.235 0.130 0.174 0.172
18 0.181 0.186 0.147 0.142
19 0.126 0.153 0.151 0.127
20 0.072 0.171 0.178 0.200
26 1.539 1.61 1.567 1.397
28 1.177 1.048 0.920 0.831
30 0.651 0.601 0.585 0.496
32 0.362 0.382 0.335 0.257
34 0.217 0.205 0.203 0.157
40 0.081 0.097 0.075 0.067
42 0.072 0.080 0.065 0.052
44 0.063 0.095 0.044 0.042
46 0.036 0.070 0.054 0.035
48 0.108 0.054 0.041 0.028
58 0.054 0.050 0.023 0.016
60 0.027 0.022 0.022 0.027
62 0.009 0.029 0.017 0.017
64 0.045 0.035 0.024 0.013
66 0.027 0.018 0.014 0.016
68 0.036 0.016 0.012 0.008
74 0.009 0.016 0.010 0.013
76 0.0181 0.011 0.011 0.004
78 0.009 0.016 0.008 0.005
80 0.036 0.001 0.006 0.004
82 0.018 0.013 0.004 0.005
84 0.009 0.007 0.005 0.005
86 0.009 0.007 0.007 0.009
94 0.009 0.009 0.002 0.004
96 0.027 0.003 0.003 0.001
100 0.009 0.005 0.002 0.003
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Figure 4.9. Double differential cross section (mb/MeV.sr) of the alphas generated as a result of bombard-
ment of element o Th?3? with 360 MeV energetic protons and 6= (0°, 20°, 40°, 60°) degree respectively

4.3.1.10. Neutron Double Differential Cross Section for p + 9Th?* Reaction at
Ep=360 MeV; 8= (0°, 20°, 40°, 60°)

The double differential cross sections (d?c/dE.d0) of emission (alpha, neutron and proton)
particle for p + 90 Th?? reactions are calculated by CEMO3 code program. The calculate
consequences of the double differential cross sections (d?c/dE.d@) of neutron particle
emission for p + ¢0Th? reaction are illustrative in Figure 4.10 and Table 4.10, at the
proton incident energy 360 MeV. The calculate results are at angles 0°, 20°, 40° and 60°
that results for total double differential cross section are various for different angles. At
the beginning of the curves, total double differential cross section for different angles are
decreasing with increasing neutron energy emission. The form of calculated results curve
are similar to each other, until amount energy above 100 MeV after that values of total
double differential cross section are various. From the line graph, total double differential
cross section is not change, for 0° and 20° degree but on top of 300 MeV, total double
differential for 0° degree is increasing with increasing neutron energy emission. However,

for 20° degree was counteracted.
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On the other hand, for 40° and 60° degree over 100 MeV the total differential are decreas-
ing gradually when neutron energy emission are increasing. In addition, number of elastic
interactions is 578028, number of inelastic interactions is 1000000, reaction cross section

is 1728.55 mb and elastic cross section is 999.15 mb.

Table 4.10. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + ¢ Th?? Reaction

232Th(p, n); Ep=360 MeV; 6= (0°,20°, 40° 60°) respectively
Total Double Differential Cross Section (mb/MeV.sr)
En(MeV) CEMO03 — Code

Angle Angle Angle Angle

0=0° 0=20° 0= 4Q° 0=60°

1 276 275.6 273.6 273.1
2 349.2 352.6 347 340.8
3 280.8 283.4 279.1 274.4
4 217.3 211.8 207.5 201.3
5 153.7 154.4 151.1 144.3
9 45.6 46.19 44.31 40.86
10 36.2 35.52 33.84 31.98
11 28.61 28.82 27.35 25.33
12 24.03 23.54 22.28 20.32
16 13.91 13.38 12.66 11.26
17 12.75 12.59 11.33 10.18
18 12.22 11.63 10.45 9.264
24 7.904 7.29 7.102 6.409
26 6.926 6.838 6.371 5.745
30 5.822 5.421 5.171 4.603
32 5.396 4.746 4.715 4.125
38 3.794 3.736 3.509 3.109
46 2.743 2.842 2.617 2.356
60 1.983 1.944 1.854 1.662
62 2.01 1.862 1.838 1.559
70 1.838 1.72 1.607 1.384
80 1.766 1.475 1.453 1.246
92 1.458 1.331 1.24 0.948
100 1.286 1.255 1.153 0.863
102 1.222 1.199 1.133 0.855
114 1.096 1.081 1.097 0.731
120 1.105 1.008 0.963 0.640
130 1.088 0.944 0.996 0.573
140 0.961 0.894 0.940 0.484
150 0.818 0.796 0.91 0.404
180 0.816 0.726 0.762 0.224
190 0.728 0.705 0.707 0.186
200 0.655 0.730 0.648 0.149
210 0.648 0.709 0.606 0.120
220 0.653 0.711 0.522 0.079
230 0.608 0.768 0.461 0.060
240 0.639 0.830 0.394 0.048
250 0.601 0.894 0.332 0.030
260 0.586 1.022 0.263 0.021
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Contiue Table 4.19

270 0.581 1.114 0.211 0.012
280 0.507 1.227 0.155 0.007
290 0.557 1.253 0.113 0.005
300 0.537 1.31 0.088 0.003
310 0.523 1.275 0.058 0.001
320 0.517 1.111 0.032 000.0
1000 —
. - 22Th(p,n);E,=360MeV
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Figure 4.10. Double differential cross section (mb/MeV.sr) of the neutron generated as a result of
bombardment of element 0Th?3? with 360 MeV energetic protons and 6= (0°, 20°, 40°, 60°) degree respec-
tively
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4.3.1.11. Proton Double Differential Cross Section for p + 90 Th?3? Reaction at Ep=360
MeV; 6= (0°, 20°, 40°, 60°)

CEMO3 code program was applied to calculation the double differential cross sections

(d?c/dE.d6) of emission (alpha, neutron and proton) particle for p + 9o Th?32 reactions.

The calculate consequences of d?s/dE.d6 of proton particle emission for p + 9o Th?*2 re-
action are illustrative in Figure 4.11 and Table 4.11, at the proton incident energy 360
MeV.

The calculate results are at angles 0°, 20°, 40° and 60° that results for total double differ-
ential cross section are various for different angles. At the beginning of the curves, total
double differential cross section for different angles are increasing sharply when proton
energy emission is increasing. The peaks of the curves at high proton emission energy are

participates of the immediate reaction mechanism.

The form of calculate results curve are similar to each other, they are decreasing while
amount energy bring to above 100 MeV except 40° and 60° degree, after that accounts of
total double differential cross section are various. From the graph, total double differen-
tial cross section on 100 MeV is not change until the quantity almost bring to 300 MeV

for 0° degree, but after this value it is increasing.

However, subsequent to the peak, total differential cross section for 20° degree is decreas-
ing until amount nearly bring to 200 MeV, after this amount increases and decreases al-

ternately.

In addition, number of elastic interactions is 578028, number of inelastic interactions is

1000000, reaction cross section is 1728.55 mb and elastic cross section is 999.15 mb.



Table 4.11. Proton Scattered Double Differential Cross Section (mb/MeV.sr) for p + o0 Th?¥ reaction
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232Th(p, p); Ep=360 MeV; 0= (0° 20°, 40° 60° respectively
Total Double Differential Cross Section (mb/MeV.sr)
E;(MeV) CEMO03 - Code
Angle Angle Angle Angle
0=0° 0=20° 0= 4Q° 0=60°
2 e 0.003 0.006 0.006
3 0.036 0.067 0.055 0.062
4 0.181 0.171 0.125 0.149
5 0.199 0.268 0.225 0.238
6 0.289 0.317 0.316 0.303
7 0.380 0.354 0.348 0.330
9 0.851 1.001 1.174 1.322
10 3.296 3.335 3.527 3.880
11 4.418 4.395 4.451 4.636
12 5.070 4.578 4.551 4.439
13 4.600 4.313 4.243 4.247
15 3.694 3.675 3.658 3.471
19 2.843 2.644 2.618 2.589
28 1.919 1.798 1.822 1.781
38 1.168 1.303 1.248 1.411
46 0.986 0.918 1.049 1.242
54 1.014 0.782 0.962 1.100
56 0.977 0.786 0.959 1.100
58 0.688 0.763 0.922 1.093
60 0.769 0.784 0.881 1.044
76 0.823 0.778 0.947 0.983
86 0.715 0.732 1.035 0.907
94 0.887 0.745 1.037 0.810
100 0.977 0.722 1.081 0.766
102 0.905 0.746 1.139 0.760
114 0.860 0.728 1.220 0.567
150 0.702 0.612 1.312 0.309
160 0.713 0.595 1.312 0.243
170 0.612 0.652 1.253 0.188
180 0.608 0.670 1.172 0.141
190 0.583 0.706 1.027 0.113
200 0.574 0.791 0.900 0.084
210 0.550 0.907 0.735 0.055
260 0.496 1.946 0.202 0.011
270 0.487 2.200 0.128 0.004
280 0.461 2.393 0.094 0.002
290 0.403 2.320 0.059
300 0.425 2.166 0.036
310 0.418 1.896 0.018
320 0.608 1.467 0.008
330 1.307 1.018 0.003
340 3.238 0.616 0.002
350 6.706 0.332 0.006
360 6.979 0.107 0.055
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Figure 4.11. Double differential cross section (mb/MeV.sr) of the proton generated as a result of
bombardment of element o Th?3? with 360 MeV energetic protons and 0= (0°, 20°, 40°, 60°) degree respec-
tively

4.3.2. p + 5B Reaction

4.3.2.1. Neutron Double Differential Cross Section for p + sB'° Reaction at Ep= 30
MeV; 0= 20

The double differential cross sections (d°c/dE.d6) of emission (alpha, neutron and proton)
particle for p + 5B reactions are calculated by CEMO3 code program. The calculate
double differential cross section (d?c/dE.d6) of neutron emission for p + sB* at 30 MeV

incident energetic proton are illustrative in Figure 4.12 and Table 4.12.

The form of calculate results curve of double differential cross section (d?c/dE.d8) for
neutron emission at this energy for four steps (Total, Cascade, Precompound and Evapo-
ration) are different at angle 2° degree. At the begin total double differential cross section

decreasing with increasing neutron energy emission until above 5 MeV.
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After that this value is increasing gradually with increasing neutron energy emission as
can be seen in Figure 4.12. For cascades, increases steadily when increases neutron ener-
gy emission until bring to the higest point, although increases with increases energy
emission. On the other hand, evaporation is decreasing when neutron energies are in-
creasing. However, the precompound in this case not shown in this line graph because all
results are zero, the incident proton energy is bigger than target element, has small mass

number.

In addition, number of elastic interactions is 1398484, number of inelastic interactions is
1000000, reaction cross section is 445.68 mb, elastic cross section is 623.28 mb.

Table 4.12. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

1B (p, n); E,=30 MeV; 6=2° CEMO03 — Code
Total Cascade Total Evaporation
En(MeV) Double differential Double differential Double differential
Cross section Cross section Cross section
(mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr)
1 1.895 000.0 1.895
2 2.466 0.281 2.185
3 1.861 0.301 1.560
4 1.215 0.287 0.928
5 0.879 0.331 0.548
6 0.768 0.370 0.397
7 0.663 0.359 0.303
8 0.731 0.421 0.310
9 0.725 0.450 0.275
10 0.651 0.478 0.172
11 0.704 0.566 0.137
12 0.786 0.665 0.121
13 0.891 0.771 0.120
14 0.978 0.877 0.101
15 1.197 1.092 0.105
16 1.363 1.273 0.090
17 1.515 1.431 0.083
18 1.637 1.557 0.079
19 1.817 1.749 0.068
20 1.882 1.842 0.039
21 2.097 2.077 0.020
22 2.156 2.156 0.000
24 2.325 2.325 0.000
26 1.464 1.395 0.068
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Figure 4.12. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 30 MeV energetic protons and 6= 20 degree

4.3.2.2. Neutron Double Differential Cross Section for p + sB!° Reaction at Ep= 30
MeV; 6= 2° Compare between CEMO03 and Experimental Data

The comparison of calculate double differential cross section of neutron emission with
experimental data at the incident proton energy 30 MeV with angle 2° degree are showing
in Figure 4.13 and Table 4.13. For 1°B(p, xn) reaction the pre-equilibrium calculations
(cascade- exciton CEMO03 and hybrid models) are in good agreement with the measure-
ments. From Figure 13, the experimental data and CEMO3 data have an inconsistency at
energies 16 MeV. In addition, both the CEMO03 data and experimental data results are
decreasing at energies 25 MeV .



Table 4.13. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction
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5B (p, n); Ep= 30 MeV; 6=2°, Total Double Differential Cross Section (mb/MeV.sr)
En (MeV) CEMO03 - Code Experimental; E,= 30 MeV;0= 2°
(Clough et al. 1970)

1.000 1.895

2.000 2.466

3.000 1.861

4.000 1.215

5.000 0.879

6.000 0.768

7.000 0.663

8.000 0.731

9.000 0.725

10.000 0.651

11.000 0.704

12.000 0.786

13.000 0.891

14.000 0.978

15.000 1.197
15.035 1.006
15.106 0.882
15.570 0.951
16.000 1.363
16.036 0.98
17.000 1.515
17.035 1.022
17.639 0.871
18.000 1.637
18.044 0.706
19.000 1.817
19.574 0.818
20.000 1.882
20.141 1.950
20.250 2.792
20.449 2.820
21.000 2.097
21.125 0.213
22.000 2.156
22.383 2.808
22.673 1.995
23.264 0.009
23.999 0.005
24.000 2.325
24.265 0.003
25.388 0.343
25.566 1.074
25.898 1.130
000.26 1.464
26.525 0.193
27.993 0.139
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Figure 4.13. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB® with 30 MeV energetic protons and 0= 20 degree

4.3.2.3. Neutron Double Differential Cross Section for p + sB!° Reaction at Ep= 50
MeV; 6= 30°

The d?c/dE.d® of emission (alpha, neutron and proton) particle for p + sB° reactions are
calculated by CEMO3 code program. The calculate d?c/dE.d6 of neutron emission for p +
sB1% at 50 MeV incident energetic protonis shown in Figure 4.14 and Table 4.14. The
shape of calculate results curve of d?c/dE.d0 for neutron emission at this energy for four
steps (Total, Cascade, Precompound and Evaporation) are different at angle 30° degree.
As can be seen in Figure 4.14 at the beginning of the curve, total double differential cross
section decreasing when neutron energy emission bring to 20 MeV. Neutron energy
emission at value of 20 MeV is caused to decrease total double differential cross section
as can be seen in Figure 4.14. After that value is not change although, where as neutron
energy emission almost bring to 36 MeV, then it is descend once more. From the line
graph, cascade double differential cross section is increasing slowly together with in-
creasing neutron energy emission. On the other hand, evaporation is descend dramatical-

ly when neutron energies are increasing.
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However, the precompound in this case not shown in this line graph because, all results
are zero, the incident proton energy is bigger than target element, has small mass number.
In addition, number of elastic interactions is 1755733, number of inelastic interactions is

1000000, reaction cross section is 342.84 mb, elastic cross section is 601.94 mb.

Table 4.14. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

1B(p, n); E,=50 MeV; 6=30° CEMO03 — Code
Total Cascade Total Evaporation
En(MeV) Double differential | Double differential Double differential
Ccross section cross section cross section
(mb/MeV.Sr) (mb/MeV.Sr) (mb/MeV.Sr)
1 2.045 000.0 2.045
2 2.886 0.402 2.484
3 2.271 0.411 1.859
4 1.602 0.398 1.204
5 1.241 0.381 0.860
6 0.999 0.384 0.614
7 0.856 0.397 0.458
8 0.790 0.427 0.363
9 0.703 0.430 0.273
10 0.684 0.418 0.266
11 0.721 0.485 0.236
12 0.684 0.481 0.202
13 0.674 0.487 0.187
14 0.693 0.518 0.174
15 0.684 0.527 0.156
16 0.766 0.595 0.170
17 0.740 0.608 0.132
18 0.783 0.665 0.117
19 0.768 0.658 0.110
20 0.790 0.686 0.103
21 0.795 0.707 0.087
22 0.815 0.733 0.082
24 0.849 0.788 0.061
26 0.895 0.848 0.047
28 0.871 0.836 0.034
30 0.886 0.869 0.017
32 0.943 0.932 0.0115
34 0.934 0.920 0.013
36 0.857 0.847 0.010
38 0.728 0.720 0.007
40 0.540 0.538 0.001
42 0.438 0.438 0.000
44 0.322 0.316 0.005
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Figure 4.14. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 50 MeV energetic protons and 0= 30° degree

4.3.2.4. Neutron Double Differential Cross Section for p + sB!° Reaction at Ep= 50
MeV; 6= 30° Compare between CEMO03 and Experimental Data

The comparison of calculate double differential cross section of neutron emission with
experimental data at the incident proton energy 50 MeV with angle 30° degree are show-
ing in Figure 4.15 and Table 4.15. For 1°B(p, xn) reaction the pre-equilibrium calculations

(cascade- exciton CEMO03 and hybrid models) are in agreement with the measurements.

From Figure 4.15 also the experimental data and CEMO3 have an inconsistency at ener-
gies 36 MeV. In addition, both the experimental data and CEMO3 data results are de-
creasing in energy 40 MeV.



Table 4.15. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction
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5B (p, n); Ep= 50 MeV; 0= 30°, Total Double Differential Cross Section (mb/MeV.sr)
En (MeV) CEMO03 - Code Experimental E,= 50 MeV;0= 30°
(Clough et al. 1970)

1.000 2.045

2.000 2.886

3.000 2.271

4.000 1.602

5.000 1.241

6.000 0.999

10.000 0.684

11.000 0.721

12.000 0.684

15.000 0.684

16.000 0.766

22.000 0.815

24.000 0.849

26.000 0.895

30.000 0.886

30.784 0.633

31.248 0.710

31.649 0.703

32.000 0.943

32.048 0.738

32.383 0.661

32.519 0.571

33.518 0.606

34.000 0.934

34,119 0.565

34.452 0.579

34.785 0.593

36.000 0.857

36.657 0.378

37.000

37.190 0.378

37.654 0.475

38.000 0.728

38.051 0.607

38.588 0.455

39.525 0.309

40.000 0.540

40.122 0.434

41.332 0.018

42.000 0.438

43.000

43.063 0.123

44.000 0.322

44932 0.0193

45.533 0.0126
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Figure 4.15. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 50 MeV energetic protons and 6= 30° degree

4.3.2.5. Neutron Double Differential Cross Section for p+ sB!° Reaction at Ep= 186
MeV; 0= 0°

CEMO03 code program is also used to determination the double differential cross sections
(d?c/dE.d6) of emission (alpha, neutron and proton) particle for p + 5B reactions.

Figure 4.16 and Table 4.16 are showing the results of double differential cross section
(d?c/dE.d6) of neutron emission for p + 5B at 186 MeV incident energetic proton. Dif-
ferent shapes are recording at angle 0° degree of double differential cross section
0?6/dE.d® for neutron emission at this energy for four steps (Total, Cascade, Precom-

pound and Evaporation ).

It shows that at the beginning of the curve, total and cascade double differential cross
section are decreasing a littile more when neutron energy emission is increasing. On the
other hand, evaporation is decreasing gradually with increasing neutron energies. How-

ever, the results of precompound in this case are not showing in the line graph because,
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all results are zero. The incident proton energy is bigger than target element, has small
mass number. In addition, number of elastic interactions and number of inelastic interac-
tions are about (2991607 and 1000000), respectively. Furthermore, (189.34 and 566.43

mb) are recorded as reaction cross section and elastic cross section, respectively.

Table 4.16. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

19B(p, n); Ep=186 MeV; 6= 0° CEMO3 - Code
Total Cascade Evaporation
En(MeV) Double differen- Double differen- Double differential
tial cross section tial cross section cross section
(mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr)
1 1.777 000.0 1.777
2 2.093 0.244 1.848
3 1.367 0.218 1.148
4 0.922 0.212 0.710
5 0.662 0.211 0.451
6 0.539 0.208 0.331
7 0.442 0.177 0.264
8 0.389 0.181 0.207
11 0.299 0.164 0.134
12 0.255 0.141 0.113
15 0.225 0.157 0.068
16 0.221 0.137 0.083
17 0.221 0.144 0.076
20 0.186 0.134 0.052
21 0.181 0.129 0.052
22 0.151 0.108 0.042
34 0.124 0.104 0.019
36 0.118 0.102 0.016
38 0.120 0.106 0.014
40 0.112 0.101 0.011
42 0.095 0.086 0.009
44 0.102 0.094 0.008
46 0.108 0.101 0.006
48 0.098 0.092 0.005
58 0.092 0.089 0.002
60 0.094 0.092 0.001
62 0.081 0.079 0.002
64 0.081 0.080
66 0.083 0.082
76 0.077 0.077
78 0.075 0.074
80 0.078 0.078
84 0.072 0.072
88 0.068 0.068
90 0.082 0.082




71

. 10B(p,n);E,=186MeV;06=0°

B CEMO03-Code
5 + + Total
2 | (] @ Cascade
= 1 [ B B Evaporation
o —
§ i | 7
¥ i q"*
© N +
S | X 1) +
= +
S 01— ® o'ogly
2 - C ‘ot o0 g
8 m |
b |
‘f__ﬁ —
5 * | |
£ [ ]
S 001 —
° 3 u
S - u
o
2 i

- | ]

0.001
\ \ \ \ \ \
0 20 40 60 80 100
E (MeV)

Figure 4.16. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 186 MeV energetic protons and 0= 0° degree

4.3.2.6. Neutron Double Differential Cross Section for p + 5B Reaction at Ep= 186
MeV; 0= 0° Compare between CEMO03 and Experimental Data

The comparison of calculate double differential cross section of neutron emission with
experimental data at the incident proton energy 186 MeV with angle 0° degree are show-
ing in Figure 4.17 and Table 4.17. For 1°B(p, xn) reaction the pre-equilibrium calculations
(cascade- exciton CEMO03 and hybrid models) are in good agreement with the measure-
ments. From Figure 4.17, the CEMO3 and experimental data have about inconsistency at

energies 20 MeV.

Additionally, in the result for both the experimental and CEMO03 are decreasing at ener-
gies 10 MeV.



Table 4.17. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

72

5B (p, n) reaction; E,= 186 MeV; 0= 0°, Total Double Differential Cross Section (mb/MeV.sr)
En (MeV) CEMO03 — Code Experimental Ey= 186 MeV;0=0°
(Wang et al. 1994)

0.1 1.777

2.0 2.093

3.0 1.367

4.0 0.922

5.0 0.662

6.0 0.802

7.0 0.442

8.0 0.389
9.5 2.457
10.0 0.306 6.971
10.5 5.232
11.0 0.299 2.228
12.0 0.255 0.903
12.5 0.827
13.0 0.248 1.278
135 1.644
14.0 0.252 1.339
150 0.225 1.302
20.0 0.186 0.720
25.0 0.657
31.0 0.524
36.0 0.118 0.467
40.0 .0112 0.474
50.0 0.088 0.369
60.0 .0094 0.302
76.0 0.077 0.273
80.0 .0078 0.256
81.0 0.253
82.0 .0078 0.266
83.0 0.275
84.0 .0072 0.260
85.0 0.267
86.0 .0078 0.241
87.0 0.224
88.0 .0068 0.260
89.0 0.251
90.0 0.263
91.0 0.251
92,0 0.227
93.0 0.127
93.5 0.034
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Figure 4.17. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 186 MeV energetic protons and = 0° degree

4.3.2.7. Neutron Double Differential Cross Section for p + sB!° Reaction at Ep= 186
MeV; 6= 20°

The double differential cross sections (d?c/dE.d0) of emission (alpha, neutron and proton)
particle for p + 5B reactions are calculated by CEMO3 code program. The calculate
double differential cross section (d?s/dE.d6) of neutron emission for p +sB° at 186 MeV
incident energetic proton illustrative in Figure 4.18 and Table 4.18. The shape of calcu-
late results curve of double differential cross section d?c/dE.d6 for neutron emission at
this energy for four steps (Total, Cascade, Precompound and Evaporation ) are different
at angle 20° degree. It shows that at the beginning of the curve until up to 30 MeV, total
and cascade double differential cross section decreasing a littile more when neutron ener-
gy emission is increasing. After that amount, they are almost steady as the neutron emis-
sion energy increases. On the other hand, evaporation is a gradual decreasing when neu-
tron energies are increasing. However, the precompound in this case is not showing in the
line graph since all results are zero. The incident proton energy is bigger than target ele-

ment, it has small mass number.
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In addition, number of elastic interactions is 2991607, number of inelastic interactions is

1000000, reaction cross section is 189.34 mb, elastic cross section is 566.43 mb.

Table 4.18. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

0B (p, n); Ep=186 MeV; 6= 20° CEMO03 - Code
Total Cascade Evaporation
En(MeV) Double differential | Double differential Double differential
cross section cross section cross section
(mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr)
1 1.775 000.0 1.775
2 2.059 0.257 1.801
3 1.334 0.241 1.092
4 0.892 0.225 0.666
5 0.675 0.215 0.460
6 0.560 0.220 0.340
7 0.449 0.190 0.259
8 0.381 0.185 0.196
9 0.356 0.183 0.1732
12 0.270 0.151 0.1186
13 0.262 0.151 0.111
14 0.246 0.152 0.093
18 0.191 0.136 0.054
19 0.194 0.138 0.055
20 0.190 0.142 0.047
26 0.158 0.124 0.033
28 0.143 0.117 0.026
30 0.148 0.121 0.027
32 0.137 0.119 0.018
34 0.122 0.107 0.015
40 0.114 0.103 0.010
42 0.110 0.102 0.007
50 0.115 0.110 0.004
52 0.101 0.099 0.002
54 0.100 0.097 0.003
56 0.099 0.097 0.002
66 0.101 0.099 0.001
68 0.097 0.096
70 0.112 0.110
72 0.107 0.106
74 0.102 0.102
76 0.103 0.103
78 0.111 0.110
80 0.110 0.110
82 0.115 0.115
84 0.112 0.112
86 0.112 0.112
38 0.120 0.120
90 0.133 0.133
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Figure 4.18. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 186 MeV energetic protons and 6= 20° degree

4.3.2.8. Neutron Double Differential Cross Section for p + sB!° Reaction at Ep= 186
MeV; 6= 20° Compare between CEMO03 and Experimental Data

The comparison of calculate double differential cross section of neutron emission with
experimental data at the incident proton energy 186 MeV with angle 20° degree are
demonstrated in Figure 4.19 and Table 4.19. For °B(p, xn) reaction the pre-equilibrium
calculations (cascade- exciton CEMO3 and hybrid models) are in good agreement with

the measurements.

From Figure 4.19, the experimental and CEMO03 data have about an inconsistency at en-
ergies 20 MeV. In addition, both the CEMO03 and experimental data results are decreasing
at energies 88 MeV.



Table 4.19. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction
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5B (p, n); Ep= 186 MeV; 6= 20°, Total Double Differential Cross Section (mb/MeV .sr)
En (MeV) CEMO03 - Code Experimental E,= 186 MeV; 0=
20° (Wang et al. 1994)

1.0 1.775
2.0 2.059

3.0 1.334

4.0 0.892
8.0 0.381 0.075
9.0 0.356 0.012
9.5 0.006
10.0 0.304 0.081
15.0 0.237 0.108
20.0 0.190 0.166
25.0 0.322
30.0 0.137 0.455
35.0 0.521
40.0 .0114 0.660
48.5 0.737
45.0 0.696
50.0 0.115 0.682
55.0 0.622
60.0 0.099 0.591
65.0 0.527
68.0 0.97
70.0 0.112 0.440
75.0 0.411
80.0 0.110 0.364
85.0 0.316
85.5 0.327
86.0 0.112 0.316
86.5 0.317
87.0 0.32
87.5 0.304
88.0 0.120 0.290
88.5 0.296
89.0 0.293
89.5 0.292
90.0 0.133 0.292
90.5 0.282
91.0 0.272
91.5 0.253
92.0 0.124 0.201
92.5 0.135
93.0 0.040
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Figure 4.19. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 186 MeV energetic protons and 8= 20° degree

4.3.2.9. Neutron Double Differential Cross Section for p + sB!° Reaction at Ep= 186
MeV; 0= 440

The double differential cross sections (d°c/dE.d6) of emission (alpha, neutron and proton)
particle for p + 5B reactions are calculated by CEMO03 code program. Figure 4.20 and
Table 4.20, are showing the results of double differential cross section (d?c/dE.d0) of
neutron emission for p +sB% at 186 MeV incident energetic proton. Different results are
found of double differential cross section d?c/dE.d6 for neutron emission at this energy

for four steps (Total, Cascade, Precompound and Evaporation) at angle 44° degree.

It is shows that total and cascade double differential cross section are decreasing with
increasing the neutron energy emission at the beginning of the curve until up to 40 MeV,
after that amount, they are almost steady as the neutron emission energy increases. On
the other hand, evaporation is a gradual decreasing when neutron energies are increasing.
However, in the results of the line graph any point is not recorde for the precompound,
the incident proton energy is bigger than target element, has small mass number.
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Besides that, number of elastic interactions and number of inelastic interactions are about
(2991607 and 1000000), respectively. Also, reaction cross section and elastic cross sec-

tion are recorded by (189.34 and 566.43 mb), respectively.

Table 4.20. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

0B (p, n); Ep=186 MeV; 0= 44° CEMO03 - Code
Total Cascade Evaporation
Eq(MeV) Double differential Double differential Double differential
cross section cross section cross section
(mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr)
1 1.772 000.0 1.772
2 2.008 0.265 1.742
3 1.353 0.277 1.076
4 0.862 0.242 0.619
5 0.652 0.244 0.408
10 0.343 0.200 0.142
13 0.268 0.173 0.095
14 0.266 0.18 0.086
15 0.25 0.167 0.082
16 0.239 0.167 0.071
18 0.197 0.143 0.053
20 0.211 0.162 0.049
21 0.209 0.169 0.040
24 0.196 0.162 0.034
30 0.160 0.139 0.021
40 0.146 0.138 0.008
42 0.155 0.146 0.009
48 0.146 0.139 0.006
50 0.141 0.134 0.006
52 0.138 0.136 0.002
54 0.146 0.143 0.002
64 0.154 0.152 0.001
66 0.150 0.149 0.001
68 0.159 0.158 0.001
76 0.168 0.168
90 0.169 0.169
92 0.152 0.152
94 0.164 0.164
96 0.151 0.151
98 0.158 0.158
100 0.151 0.151
106 0.144 0.144
108 0.143 0.143
110 0.146 0.146
112 0.142 0.142
118 0.118 0.118
120 0.107 0.107
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Figure 4.20. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 186 MeV energetic protons and 0= 44° degree

4.3.2.10. Neutron Double Differential Cross Section for p + sB'° Reaction at Ep= 186
MeV; 0= 44° Compare between CEMO03 and Experimental Data

The comparison of calculate double differential cross section of neutron emission with
experimental data at the incident proton energy 186 MeV with angle 44° degree are
showing in Figure and Table 4.21. For 1°B(p, xn) reaction the pre-equilibrium calcula-
tions (cascade- exciton CEMO3 and hybrid models) are in good agreement with the
measurements. From Figure 4.21, the experimental and CEMO03 data have an inconsisten-
cy at energies 90 MeV.

In addition, CEMO3 data at the begening of the cerve are decreasing with increasing en-

ergies. However, experimental data is increasing.



Table 4.21. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

80

5B (p, n); Ep= 186 MeV; 6= 44°, Total Double differential cross section (mb/MeV.sr)
En (MeV) CEMO03 - Code Experimental Ep= 186 MeV;0=
44.4° (Wang et al. 1994)

1 1.772

2 2.008

3 1.353

4 0.862

5 0.652

6 0.510

7 0.449

8 0.384

9 0.347

10 0.343

11 0.308

12 0.302

13 0.268

14 0.266

15 0.250
16 0.239 0.003
17 0.003
18 0.197 0.001
20 0.211 0.007
25 0.011
30 0.160 0.017
35 0.032
40 0.146 0.040
45 0.052
50 0.141 0.062
55 0.077
60 0.149 0.087
65 0.100
70 0.152 0.111
75 0.122
80 0.150 0.129
85 0.139
90 0.169 0.145
95 0.149
100 0.151 0.149
105 0.142
107 0.151
110 0.146 0.136
115 0.137
120 0.107
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Figure 4.21. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 186 MeV energetic protons and 0= 44° degree

4.3.2.11. Neutron Double Differential Cross Section for p + sB'° Reaction at Ep= 186
MeV; 0= 49°

CEMO3 code program is applied for calculation the double differential cross sections
(d?c/dE.d0) of emission (alpha, neutron and proton) particle for p + sB° reactions. The
calculate double differential cross section (d?c/dE.d6) of neutron emission for p + 5B at
186 MeV incident energetic proton are showing in Figure 4.22 and Table 4.22. The
shape of calculate results curve of double differential cross section d?c/dE.d6 for neutron
emission at this energy for four steps (Total, Cascade, Precompound and Evaporation )
are different at angle 49° degree. It shows that at the beginning of the curve, total and
cascade double differential cross section are decreasing when neutron energy emission is
increasing. After that, they are almost steady as the neutron emission energy increases.
On the other hand, evaporation is a gradual decreasing when neutron energies are increas-
ing. However, the precompound in this case is not showing in the line graph because, all
results are zero, the incident proton energy is bigger than target element, has small mass

number. In addition, at energy 186 MeV with angles (0°, 20°, 44° and 49°) degree almost
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comparable to the amount especially at angles 44° and 49° because the values of those
angles are tiny. Number of elastic interactions is 2991607, number of inelastic interac-

tions is 1000000, reaction cross section is 189.34 mb, elastic cross section is 566.43 mb.

Table 4.22. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

B (p, n); E,=186 MeV; 6= 49° CEMO3 - Code
Total Cascade Evaporation
En(MeV) Double differen- Double differen- Double differential
tial cross section tial cross section Cross section
(mb/MeV.sr) (mb/MeV.sr) (mb/MeV.sr)
1 1.707 000.0 1.707
2 2.001 0.287 1.714
3 1.251 0.270 0.980
4 0.842 0.266 0.576
5 0.628 0.253 0.374
6 0.506 0.231 0.274
7 0.434 0.223 0.211
8 0.410 0.233 0.176
9 0.370 0.227 0.143
10 0.348 0.222 0.126
13 0.294 0.202 0.091
14 0.276 0.197 0.079
17 0.254 0.190 0.063
18 0.263 0.204 0.058
19 0.239 0.189 0.050
20 0.238 0.193 0.045
21 0.229 0.186 0.042
22 0.221 0.184 0.036
24 0.211 0.179 0.031
26 0.207 0.182 0.025
28 0.201 0.178 0.022
30 0.197 0.178 0.019
32 0.190 0.176 0.014
34 0.184 0.171 0.013
36 0.175 0.163 0.011
38 0.175 0.166 0.008
40 0.169 0.162 0.007
42 0.171 0.165 0.006
44 0.164 0.159 0.005
46 0.154 0.150 0.003
48 0.149 0.145 0.003
50 0.149 0.146 0.003
52 0.145 0.143 0.002
54 0.144 0.142 0.002
60 0.126 0.125 0.001
64 0.127 0.126
68 0.109 0.108
70 0.107 0.107
84 0.078 0.078
88 0.065 0.065
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Figure 4.22. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of
bombardment of element sB° with 186 MeV energetic protons and 6= 49° degree

4.3.2.12. Neutron Double Differential Cross Section for p + sB'° Reaction at Ep= 186
MeV; 0= 49° Compare between CEMO03 and Experimental Data

Figure 4.23 and Table 4.23, are showing the comparison of calculate double differential
cross section of neutron emission with experimental data at the incident proton energy
186 MeV with angle 49° degree. For °B(p, xn) reaction the pre-equilibrium calculations
(cascade- exciton CEMO03 and hybrid models) are in good agreement with the measure-
ments. The experimental and CEMO3 data have an inconsistency at energies 70 MeV.

In addition, CEMO03 data at the beginning of the cerve are decreasing with increasing

energies. However, experimental data is increasing.



Table 4.23. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction
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5B (p, n); Ep= 186 MeV; 0= 49°, Total Double Differential Cross Section (mb/MeV.sr)
En (MeV) CEMO03 — Code Experimental Ep,= 186 MeV;6=
49% (Wang et al. 1994)

1 1.707

2 2.001

3 1.251

4 0.842

5 0.628

6 0.506

7 0.434

8 0.410

9 0.370

10 0.348

11 0.331

12 0.313

13 0.294

14 0.276

15 0.267

16 0.260

17 0.254
18 0.263 0.001
25 0.003
30 0.197 0.006
35 0.014
40 0.169 0.020
45 0.028
50 0.149 0.034
55 0.043
60 0.126 0.054
65 0.065
70 0.107 0.075
75 0.088
80 0.081 0.100
85 0.106
90 0.064 0.114
95 0.120
100 0.119
105 0.122
109 0.128
110 0.124
115 0.118
116 0.102
117 0.043
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Figure 4.23. Double differential cross section (mb/MeV.sr) of the Neutron generated as a result of bom-
bardment of element sB° with 186 MeV energetic protons and 0= 49° degree

4.3.2.13. Alpha Double Differential Cross Section for p + sB'° Reaction at Ep= 660
MeV; 6= 90°

The double differential cross sections (d?c/dE.d0) of emission (alpha, neutron and proton)
particle for p + 5B reactions are calculated by CEMO3 code program. The calculate
double differential cross section d?c/dE.d0 of alpha emission for p + 5B at 660 MeV
incident energetic proton illustrative in Figure 4.24 and Table 4.24. The form of calculate
results curve of double differential cross section (d?c/dE.d@) for alpha emission at this
energy for four steps (Total , Cascade , Precompound and Evaporation ) are different at
angle 90° degree. From the line graph, total and evaporation double differential cross sec-
tion gradually decreasing when alpha energy emission is increasing. Although, cascade
double differential cross section is increasing and decreasing alternately slowly together
with increasing alpha energy emission. On the other hand, the precompound in this case
is not showing in this graph since, all results are zero, the incident proton energy is bigger

than target element, has small mass number.
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In addition, number of elastic interactions is by 2311831, number of inelastic interactions

is 1000000, reaction cross section is 215.50 mb, elastic cross section is about 498.21 mb.

Table 4.24. Alpha Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° reaction, Ep=660
MeV energy with 6= 90° degree Calculation have been made by CEMO3 code program

0B (p, a); E;=660 MeV; 6= 90° CEMO3 - Code
Total Cascade Evaporation
Double differen- Double differen- Double differential

E.(MeV) tial cross section tial cross section cross section

(mb/MeV.Sr) (mb/MeV.Sr) (mb/MeV.Sr)
1 0.678 0.677
2 1.034 0.001 1.033
3 1.087 0.003 1.08
4 0.915 0.002 0.913
5 0.767 0.003 0.764
6 0.642 0.001 0.640
J 0.550 0.55
8 0.475 0.001 0.474
9 0.375 0.001 0.374
10 0.321 0.001 0.320
11 0.275 0.001 0.274
12 0.223 0.003 0.220
13 0.201 0.001 0.199
14 0.167 0.001 0.165
15 0.138 0.001 0.137
16 0.133 0.001 0.131
17 0.108 0.001 0.107
18 0.090 0.089
19 0.073 0.072
20 0.053 0.001 0.051
21 0.046 0.045
22 0.033 0.033
24 0.036 0.035
26 0.026 0.025
28 0.016 0.016
30 0.012 0.012
32 0.012 0.012
34 0.010 0.012
36 0.005 0.005
38 0.008 0.007
40 0.005 0.005
42 0.002 ... 0.001
44 0.002 ... 0.002
46 0.002 ... 0.002
58 0.001 0.001
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Figure 4.24. Double differential cross section (mb/MeV.sr) of the Alpha generated as a result of bombard-
ment of element sB*° with 660 MeV energetic protons and 6= 90° degree

4.3.2.14. Alpha Double Differential Cross Section for p + sB'° Reaction at Ep= 660
MeV; 0= 90°, Compare between CEMO03 and Experimental Data

The comparison of calculate double differential cross section of alpha emission with ex-
perimental data at the incident proton energy 660 MeV with angle 90° degree are show-
ing in Figure 4.25 and Table 4.25.

For 1°B(p, xa) reaction the pre-equilibrium calculations (cascade- exciton CEMO03 and
hybrid models) are in good agreement with the measurements. The CEMO3 and experi-
mental data have an inconsistency at energies 10 MeV. Additionally, both the experi-

mental and CEMO3 data results are decreasing.



Table 4.25. Alpha Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction
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5B (p, a); Ep= 660 MeV; 6= 90°, Total Double Differential Cross Section (mb/MeV.sr)
E. (MeV) CEMO03 — Code Experimental Ey,= 660 MeV;6=
90.0%, (Bogatin et al. 1976)

1.00 0.678

2.00 1.034

3.00 1.087

4.00 0.915

5.00 0.767

6.00 0.642

7.00 0.550
7.54 0.554
8.00 475.0

9.00 0.375
9.02 0.434
10.00 0.321
10.27 0.39
10.60 0.361
11.00 0.275

11.15 0.314
12.00 0.223
12.78 0.288
13.00 0.201

14.00 0.167
14.1 0.214
14.65 0.202
15.00 0.138
15.52 0.186
16.00 0.133
16.83 0.150
17.00 0.108
17.38 0.143
17.93 0.127
18.00 0.090
18.47 0.12
19.00 0.073
19.02 0.110
20.00 0.053

21.00 0.046

22.00 0.033
22.09 0.065
22.62 0.078
23.22 0.071
24.00 0.036

26.00 0.026

28.00 0.016
33.22 0.021
40.00 0.005

46.00 0.002

58.00 0.001
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Figure 4.25. Double differential cross section (mb/MeV.sr) of the alpha generated as a result of bombard-
ment of element sB*° with 660 MeV energetic protons and 6= 90° degree

4.3.2.15. Alpha Double Differential Cross Section for p + 5B Reaction at Ep=186
MeV; 9= (0°, 20°, 40°, 60°)

CEMO3 code program is used to calculation of the double differential cross sections
(d?c/dE.d6) of emission (alpha, neutron and proton) particle for p + sB° reactions. The
calculate outcome of the double differential cross sections (d°c/dE.d0) of alpha particle
emission for p + 5B reaction at the proton incident energy 186 MeV are showing in Fig-
ure 4.26 and (Table 4.26).

The calculate results are at angles 0°, 20°, 40° and 60° that results for total double differ-
ential cross section are various for different angles. At the beginning of the curves, total
double differential cross section for different angles are decreasing gradually together
with increasing alpha energy emission. The form of calculate results curve are similar to
each others. However, when alpha energy emission is increasing the total double differ-

ential cross section is separate, since they are various at angles.
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On the other hand, total double differential cross section for (0°) degree is different to
others because at the end of energy emission is increasing when alpha energy emission is
increasing. In addition, number of elastic interactions is 2980182, number of inelastic
interactions is 1000000, reaction cross section is 189.98 mb and elastic cross section is
566.18 mb.

Table 4.26. Alpha Scattered Double Differential Cross Section (mb/MeV.sr) for p + 5B reaction, Ep=186
MeV energy with 6= (0°, 20°, 40°, 60°) degree Calculation have been made by CEMO03 code program

1B (p, a); Ep=186 MeV; 6= (0°, 20°, 40°, 60°) respectively
Total Double Differential Cross Section (mb/MeV .sr)
Eo(MeV) CEMO03 — Code

Angle Angle Angle Angle

0=0° 0=20° 0= 40° 0=60°
1 0.762 0.787 0.755 0.765
2 1.473 1.405 1.389 1.337
3 1.582 1.513 1.438 1.328
4 1.403 1.364 1.296 1.258
5 1.168 1.169 1.143 1.06
6 1.021 1.07 1.014 0.905
7 0.951 0.929 0.845 0.757
8 0.750 0.811 0.760 0.652
9 0.696 0.671 0.632 0.526
10 0.551 0.552 0.537 0.445
11 0.487 0.477 0.437 0.354
12 0.445 0.403 0.364 0.306
13 0.372 0.359 0.315 0.258
14 0.302 0.294 0.268 0.224
15 0.250 0.235 0.213 0.175
16 0.195 0.208 0.192 0.145
17 0.179 0.183 0.162 0.130
18 0.147 0.164 0.13 0.110
19 0.115 0.142 0.110 0.080
20 0.151 0.124 0.094 0.076
21 0.161 0.099 0.080 0.068
22 0.085 0.091 0.079 0.050
24 0.072 0.079 0.059 0.046
26 0.058 0.048 0.048 0.033
28 0.057 0.044 0.039 0.024
30 0.033 0.032 0.029 0.018
32 0.028 0.027 0.020 0.013
34 0.031 0.018 0.017 0.010
36 0.021 0.018 0.013 0.008
38 0.010 0.013 0.008 0.006
40 0.011 0.012 0.007 0.004
42 0.008 0.009 0.006 0.003
44 0.007 0.006 0.005 0.003
46 0.006 0.006 0.004 0.002
48 0.004 0.004 0.003 0.001
50 0.001 0.004 0.001 0.001
52 0.003 0.003 0.001 0.001
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Figure 4.26. Double differential cross section (mb/MeV.sr) of the alpha generated as a result of
bombardment of element sB*° with 186 MeV energetic protons and 6= (0°, 20°, 40°, 60°) degree respective-

ly

4.3.2.16. Neutron Double Differential Cross Section for p + sB° Reaction at Ep=186
MeV; 6= (0°, 20°, 40°, 60°)

The double differential cross sections (d?c/dE.d0) of emission (alpha, neutron and proton)
particle for p + 5B reactions are calculated by CEMO3 code program. The calculate
product of the double differential cross sections (d?c/dE.d6) of neutron particle emission
for p + 5B reaction are showing in Figure and Table 4.27, at the proton incident energy
186 MeV. Different results are recording for total double differential cross section at an-
gles 0%, 20°, 40° and 60° . At the beginning of the curves, total double differential cross
section for different angles are decreasing sharply when is neutron energy emission in-
creasing. The form of calculate results curve are similar to each other, they are decreasing
while amount energy bring to above 40 MeV except 40° and 60° degree, after that ac-
counts of total double differential cross section are various. From the graph, total double
differential cross section on 40 MeV is not change until the quantity almost bring to 160

MeV for 0° degree, but after this value which is increasing.
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However, total double differential cross section for 20° degree is increasing until amount
nearly bring to top of 160 MeV, after that which is decreasing with increasing neutron
energy emission. In addition, number of elastic interactions is 2980182, number of inelas-
tic interactions is 1000000, reaction cross section is 189.98 mb and elastic cross section is
566.18 mb.

Table 4.27. Neutron Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

19B(p, n) reaction; E,=186 MeV; 6= (0°, 20°, 40° 60°) respectively
Total Double Differential Cross Section (mb/MeV .sr)
En(MeV) CEMO03 - Code

Angle Angle Angle Angle
0=0° 0=20° 0= 40° 0=60°

1 1.664 1.787 1.734 1.659
2 2.104 2.028 2.025 1.955
3 1.395 1.391 1.324 1.19
4 0.941 0.876 0.884 0.791
5 0.750 0.706 0.639 0.616
6 0.537 0.506 0.518 0.501
7 0.483 0.442 0.453 0.439
9 0.392 0.339 0.380 0.374
10 0.280 0.309 0.333 0.340
15 0.250 0.223 0.250 0.271
16 0.224 0.207 0.245 0.264
17 0.179 0.214 0.251 0.257
18 0.193 0.201 0.239 0.246
20 0.195 0.176 0.220 0.240
24 0.174 0.171 0.195 0.210
34 0.126 0.128 0.172 0.168
36 0.111 0.125 0.167 0.161
38 0.104 0.11 0.161 0.157
40 0.132 0.099 0.156 0.155
42 0.120 0.108 0.158 0.137
50 0.089 0.097 0.154 0.117
56 0.094 0.090 0.160 0.095
58 0.083 0.085 0.160 0.090
60 0.072 0.098 0.146 0.085
70 0.084 0.084 0.155 0.064
80 0.092 0.092 0.160 0.039
90 0.070 0.094 0.149 0.026
100 0.084 0.117 0.129 0.015
110 0.074 0.158 0.108 0.008
120 0.078 0.217 0.081 0.005
130 0.081 0.258 0.064 0.003
140 0.067 0.335 0.040 0.001
150 0.069 0.386 0.023 0.000
160 0.073 0.395 0.010 0.000
170 0.329 0.306 0.003 0.000
180 1.21 0.118 0.000 0.000
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Figure 4.27. Double differential cross section (mb/MeV.sr) of the neutron generated as a result of
bombardment of element sB° with 186 MeV energetic protons and 6= (0°, 20°, 40°, 60° ) degree respec-
tively

4.3.2.17. Proton Double Differential Cross Section for p + sB* Reaction at Ep=186
MeV; 6= (0°, 20°, 40°, 60°)

CEMO3 code program is used to calculation of the double differential cross sections
(d?c/dE.d6) of emission (alpha, neutron and proton) particle for p + sB° reactions.

The calculate consequences of the double differential cross sections (d?c/dE.d6) of proton
particle emission for p + sB* reaction at the proton incident energy 186 MeV are show-
ing in Figure 4.28 and Table 4.28. The calculate results at angles 0°, 20°, 40° and 60° for
total double differential cross section are various for different angles. At the beginning of
the curves, total double differential cross section for different angles are increasing sharp-
ly when proton energy emission is increasing. The peaks of the curves at high proton
emission energy are participating of the immediate reaction mechanism. The form of cal-
culate results curve are similar to each others. Total double differential cross section are
decreasing when amount of energy bring to 40 MeV, after that accounts of total double

differential cross section are various.
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From the graph, total double differential cross section on 40 MeV is increasing until the
quantity almost bring to 90 MeV for 40° degree, but after this value it is decreasing.
However, subsequent to the peak, total differential cross section for 60° degree is decreas-

ing with increasing proton energy emission.

On the other hand, for 20° degree behind the highest point of total double differential
cross section is decreasing when is proton energy emission increasing until amount nearly
bring to 72 MeV, after that which is increasing dramatically while proton energy emis-
sion bring to 160 MeV. Then, it is decreasing once more. As well as, for 0° degree total
double differential is not change until bring to 160 MeV, after that value is increasing
sharply when proton energy emission is increasing. In addition, number of elastic interac-
tions is 2980182, number of inelastic interactions is 1000000, reaction cross section is

189.98 mb and elastic cross section is 566.18 mb.

Table 4.28. Proton Scattered Double Differential Cross Section (mb/MeV.sr) for p + sB° Reaction

1B (p, p); Ep=186 MeV; 6= (0° 20°, 40°, 60°) respectively
Total Double Differential Cross Section (mb/MeV .sr)
Es(MeV) CEMO03 — Code

Angle Angle Angle Angle

0=20° 0=20° 0= 40° 0=60°

1 0.125 0.135 0.131 0.135
2 0.551 0.511 0.532 0.524
3 1.061 1.036 1.060 1.072
4 0.971 0.962 1.000 0.990
5 0.865 0.882 0.930 0.953
6 0.782 0.823 0.866 0.892
9 0.660 0.683 0.725 0.76
12 0.551 0.559 0.638 0.643
13 0.485 0.522 0.577 0.619
14 0.527 0.498 0.553 0.591
16 0.394 0.425 0.518 0.559
17 0.410 0.417 0.494 0.533
18 0.457 0.403 0.470 0.513
19 0.370 0.358 0.450 0.484
40 0.206 0.210 0.391 0.347
42 0.185 0.199 0.418 0.345
44 0.191 0.203 0.417 0.321
46 0.217 0.188 0.427 0.311
48 0.188 0.203 0.423 0.307
50 0.177 0.189 0.437 0.288
52 0.178 0.192 0.447 0.273
54 0.204 0.194 0.447 0.262
60 0.173 0.185 0.480 0.226
62 0.153 0.188 0.495 0.205
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Continue Table 4.28

64 0.190 0.194 0.507 0.198
72 0.150 0.197 0.539 0.150
74 0.184 0.205 0.540 0.139
76 0.173 0.205 0.563 0.129
78 0.162 0.220 0.561 0.116
84 0.134 0.250 0.555 0.095
86 0.139 0.261 0.541 0.090
90 0.149 0.271 0.550 0.072
92 0.152 0.295 0.553 0.067
94 0.137 0.313 0.527 0.060
100 0.126 0.361 0.486 0.044
112 0.162 0.529 0.381 0.019
114 0.132 0.596 0.367 0.015
120 0.112 0.704 0.296 0.010
130 0.137 0.866 0.240 0.007
140 0.117 1.118 0.156 0.003
150 0.116 1.302 0.084
160 0.167 1.261 0.038
170 0.69 0.923 0.011
180 2.545 0.461 0.001
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Figure 4.28. Double differential cross section (mb/MeV.sr) of the proton generated as a result of bombard-
ment of element sB® with 186 MeV energetic protons and 6= (0° 20° 40° 60° degree respectively



5. CONCLUSION

In this study, nuclear theory models are applied to calculate d?c/dE.d@ for (p, xa), (p, Xn)
and (p, xp) reactions on 232Th and 1°B target nuclei which have been measured for (20 to
660) MeV incident proton energy ranges by using CEMO03.1 codes. The results are com-

pared with the published experimental data.

In this research, d?c/dE.d6 are calculated on a several targets at different energies. Also,
the incident proton energies are used randomly, for instance 20 MeV, 500 MeV and 186
MeV for Thorium and Boron elements, because the expereimental data bank in internet

website Nuclear Energy Agency (NEA) has this incident energy ranges.

The computational results on d?c/dE.d® for reactions process are given in Tables and
Figures (1 to 28), the theoretical model computations apply for reactions are in good
agreement with the experimental data. Generally the theoretical models including intra-
nuclear cascade (INC) model, pre-equilibrium and equilibrium reaction theories prepared
the good attributive of the Figures and importance of the d?c/dE.d6 of alpha particle,
neutron and proton emissions. Therfore, we used proton energy induced in nuclear reac-
tion for d?c/dE.d0 data which are very essential for more than a few practical applica-
tions. In this research, especially calculation results has several errors because the pro-
gram do not reproduce the output or consequence at occasionally, CEM03.1 program that
has a specially method.

In the CEMO03.1 program code results for p + 99Th?*? interaction and particles (a, n, p) are
calculated, respectively. As a result in this code for p + o0 Th?? at E;=(20, 360, 500, 500)
MeV at angles 6= (60.25°, 20°, 40°, 70°) in that order, in this reactions alpha (o)) emitted
has been made for four steps (Total, Cascade, Precompound, Evaporation). For all results
in Figures (4.1, 4.2, 4.3, 4.4) at the beginning of the curves indicates double differential

cross section d?c/dE.d® for four steps are increasing when alpha energy emitt
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ed then each one changed. However, at E,=20 MeV cascade double differential cross
section d?c/dE.d0 not shown at angle 60.25° because all results are zero, the incident pro-

ton energy is smaller than target element, it has a large mass number.

On the other hand, as a result in CEM03.1 code for p + 9Th?*? at E,=360 MeV in this
reaction (o, n, p) produced has been made for compared total double differential cross

section d?c/dE.d# at angles 6= (0°, 20°, 40°, 60°) respectively.

In the alpha energy emitted, as can be seen in Figure 4.9 when total double differential
cross section d?c/dE.d6 at the beginning of the curve for all angles at 360 MeV are in-

creasing with increases alpha energy emitted then they are decreasing.

However, for neutron energy emitted in Figure 4.10 total double differential cross section
in the same incident energy and angles are decreasing sharply with increases neutron en-
ergy emitted. In the last case for this reaction in the same incident energy but in emitted
proton energy shows in Figure 4.11 at the beginning of the curve total cross section are
increasing sharply but when the curve bring to the peack then total cross section
d6/dE.dO decreasing.

Likewise, for p + 5B reaction make for several energy ranges and various angles, in
these reactions neutron energy emitted for all interactions with out at E,=660 MeV, in
this reaction alpha energy emitted and produced has been made for four steps (Total,
Cascade, Precompound, Evaporation) at angle 8= 90°. As can be seen in Figure 4.24 total
and evaporation are equivalent but cascade cross section increasing and decreasing alter-

nately.

Otherwise, for p + sB° reaction at all energy range with all various angles precompound
did not show, because all results are zero and the incident proton energy is largest than
target element, it has a small mass number. As a result in CEM03.1 code for p +sB* at
Ep=186 MeV in this reaction (o, n, p) produced has been made for compared total double

differential cross section d?c/dE.d6 at angles 8= (0°, 20°, 40°, 60°) respectively.
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In the alpha energy emitted, as can be seen in Figure 4.26 when total double differential
cross section d?c/dE.dO at the beginning of the curve for all angles at 186 MeV are in-
creasing with increases alpha energy emitted until bring to the highest then they are de-

creasing sharply.

While, for neutron and proton energy emitted are similar but in proton energy emitted at
beigning of the curve total double differential cross section d?c/dE.d6 increases with in-
creases proton energy emitted. Overall, all results of CEMO03.1are compared to experi-
mental values and they are in good agreement with the measurements at all energy ranges
except for E,=360 MeV with angle 6= 22° . This is because the program is not duplica-

tion the output or consequence at occasionally, CEM03.1 code has a special method.
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