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Abstract

The aim of the project was to measure nuclear reaction cross-sections for selected
light elements such as Boron and Carbon for the database at Radiation Utilisation
Group of Necsa. Deuteron-Induced and “He-induced reactions were performed at the
4 MV Van de Graaff accelerator at detection angles of @ = {5G° and 133" for incident
beam energies between 1.8 and 2.8 MeV. Immediate application of this study will
help in determining:

1. The Boron contaminants or impurities in the raw materiai used for the

operation of the Pebble Bed Modular Reactor
2. The isotopic composition of boron carbide, which is used as a neutron

shielding at the SAFARI-1 research reactor.
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Chapter 1

Background and Introduction

Elements like carbon, boron, nitrogen and hvdrogen can be used in the surface
treatment of steels, polvmers and glasses since they are ligat elements. Surface
treatment can be coatings, protective or decorative; this can be done using different
techniques such as ion beam assisted deposition and ion implantation [Ter97]. In
performing these surface treatments it is useful to non-destructively measure the
doping composition in terms of concentration as a function of depth below the
surface. One method used for determining these properties is ion beam analysis,
especially Rutherford backscattering spectroscopy (RBS) and nuclear reaction

analysis (NRA).

At the South African Nuclear Energy Corporation, Radiation Utilisation Group, the
nuclear reactions’ data for the above-mentioned elements is incomplete. Therefore,
this study has been undertaken to {ill some of the gaps of missing cross sections data
for horon and carbon. This is done by measuring reactions cross sections of light
particles (particularly deuterons and tritons) induced reactions on the above
mentioned elements at 133° and 150° scattering angles in the 1.8 -2.8 MeV incidemt

energy range for the nuclear data library.

This chapter gives background of the current research’s elements of interest. which
are boron and carbon; it goes on with the fundamental definition and basic principles
of ion beam analvsis and its analytical techniques such as nuclear reaction analysis it

also gives the basic definition of & reaction cross section.




1.1 Elements of interest for the study.

Boron

The element boron was discovered in 1808 by French chemists, Joseph-Louis Gay-
Lussac and Louis-Jacques Thenard and independently by an English chemist Sir
Humphry Davy. This element occurs usually as orthoboric acid in certain volcanic
spring waters. It is also found in the earth’s crust whereby about 0.001% is in the form
of its compounds [hrt01]. Boron is also obtained by heating borax with carbon, but

this is regarded as boron of low purity [htt02].

Boron has been discovered to have about nine isotopes, with the nawrally occurring
isotopes being '’B and ''B. Boron exists as 19.9% B and 80.1% " B. All the other
seven boron isotopes have verv short half-lives in a way that they become less
important. The element is used in pyrotechnics and flares to produce a green colour.
The '°B isotope is a very good neutron absorber so it is used for neutron shielding in

nuclear reactors [ht02).

Since boron is a light element it can also be used to coat the walls of thermonuclear
experiments for reduction of the influx of high Z impurities into the fusion plasma,
then the term is called boronization. 1 is also used for doping of semiconductors. and

boron nitride is used for hard coatings in plasma technological applications [May98].

Carbon

This element has been utilized since ancient times, it is freely found in nature in three
allotropic forms, which are amorphous, graphite and diamond [www04]. Carbon
nawrally occurs as 98.93% '°C isotope and 1.07% Y“C isotope while the “*C
sometimes also occurs due 10 cosmic rays. It has been regarded as the sixth most

abundant efement in the universe. The main source of the element is coal deposits.

1. Reaction cross-secrion is the measure of the probabifin: of ¢ reaction 1o occur

2



Amorphous Carbon is artificially produced by incomplete buming of carbon
containing material due to the absence of oxygen. Its uses are to make pen inks, paints
and rubber products, if it is pressed into shapes it is used to form the cores of most dry

cell batteries [htt03].

Diamond is one of the hardest substances known; it is the third occurring form of
Carbon. This form of Carbon is typically used for jewellery. Diamond tipped saw
blades are made from squeezing graphite under high temperatures and pressures for

several davs or weeks [hit03].

Graphite is very soft to the touch so it is primarily used as a lubricant. This form of
carbon occurs naturally but ireating petroleum coke, in an oxygen-free oven, can also
artificially produce it. The natural form occurs in two forms. which are alpha and beta,
wirth all the artificially produced graphite in the alpha form [htt03]. This form of
carbon is used for the manufacturing of fuel pebbles used for the operation of the

pebble bed modular reactor [wwwi{8].

1.2 Ion Beam Analysis

When charged particles (projectiles) travelling at high speeds collide with material
(hits the target) they change the direction of their initial trajectory. These collisions
lead to the emission of particles (alpha. gamma rays. etc) with their energy being the

characteristic of the elements constituting the sample material [www{1].

Lid
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Figure 1.1: a schematic diagram illustrating the change of energy and velocity of the
incident particles after colliding with an atom. E, and V, is the energy and velocity of an
incident particle before collision, E; and V; is the energy and velocity after collision, a is the

impact parameter then 0 is the angle of scattering {Bir§9].

A number of parameters determine ion-atom interactions, these parameters can be the
velocity and energy of the incident particles (projectiles), atom and particle size.
sample geometry and composition (stopping power) and the distance of closest
approach, as shown on Figure 1.1. The principle based on these particle-atom
interactions art both atomic and nuclear level is called ion beam analvsis (IBA)

[Bir89].

The basic principle of IBA is: when an incoming ion beam enters the surface of a thin
film it loses some energy while penetrating the film, this stopping process is due 10
interactions of the beam with the atomic electrons in the energy shells of atoms
(electronic stopping). The loss of energy can also be caused by the interactions of the

beam with nuclei of the target sample (nuclear stopping).

The collisions leading to interactions are divided into two groups at nuclear level,
which are nuclear elastic collisions and puclear inelastic collisions. Nuclear elastic
collisions are the ones that feave reaction products at the same state as reactants. In
nuclear inelastic collisions. the reaction products are left at a state different from the

one of the reactarts (an excited state) {Bir§9].




lons undergo two different types of interactions, minor interactions and major
interactions. Minor interactions are those controlling the slowing down of ions and
perturb their trajectories as they traverse matter. Major interactions are the
interactioﬁs that involve sputtering, inner shell ionisation or nuclear reactions, atomic
displacements and iarge angle scattering. The information on the products of major

interactions is the basis of the IBA applications [Bir89}.

1.2.1 Minor Interactions

Under minor interactions. we find energy loss and multiple scattering, which occurs if
a sample is penetrated by a beam of medium to high-energy ions. These processes’
importance comes with bringing about the unique capability of deriving depth
informartion to the IBA methods. This is because these processes only involve low
energy transfer ion-atom collisions, which have only minor affects on the ion energy
and direction [Bir9]. Another process that is a consequence of minor interactions is
secondary electron emission, which goes with sample irradiation. Secondary electron

emission can only be used as a tool for imaging in the high-energy proton microprobe.
Fnergy loss

In methods of marerial analysis using charged atomic particle beams, knowledge of
the slowing down of ions in traversing matter is of fundamental imporntance. Depth
perceptioni comes directly after the energy lost by the probing particies and both
quantitative and compositional analysis are affected by the energyv loss. There are
some parameters, which are dependant on energy loss processes such as stopping
cross section or stopping power. straggling and multiple scattering. range and path

length [Tes95].

Energy loss phenomenon invoilves many Kinds of imeractions between projectile

particles. target nuclei and target electrons. Energy loss can be defined as the amount

L



of energy lost per unit distance traversed. The figure below shows a schematic

illustration of energy foss [Tes93].

Ax Incident
Transmitted Particles
Particles Nt
Z;
< - M,
Eq
Eq-AE 7.
M;

Figure 1.2: A schematic diagram showing how the beam loses energy as it traverses a sample,
Z; and M, are atomic number and mass of the inciderws beam, Z. and M: are target atomic
number and mass. AE is the energy lost and Ax is the target thickness corresponding to the
areal density, Nt [Tes95].

This can be mathematically presented byg; its units are eV/um. AE —)gg—

Ax Ax ax

WhenAx —> 0, with if: often-called stopping power or specific energy loss. which is
ax

sometimes denoted withS'. In the literature. energy loss is sometimes denoted by AE

The stopping cross-section given by & = (-Ej)(fiﬁ) ore = (l)(iEm) . where N and p
N dx X

is the volume density in atoms per cubic centimetres and the mass density in grams

per cubic centimetre. Sometimes £ is also called a stopping power [Tes93).

Energy loss models

These models state that the relative importance of the interaction processes berween
the ion and the target medium are more dependent on the ion velocity and on the ion
and targat atoms charges. The ions carry their electrons and tend to be neutralised by
electron capture at ion velocities lower than the Bohr velocity. vu of the atomic

electrons the nuclear energy loss dominates at these velocities. And the nuclear energy

1 . ..
loss decreases as E when the ion velocity increasss,




At ion velocities higher than the Bohr velocity, the ion charge increases until all its
electrons are stripped off. Then at a certain velocity, the emergy loss will be
| proportional to the square of ion charge. This is betier shown by the Betha Bloch
formula:
‘f—é = sz(zle-’)f(-fT) (LD

1
E_ . . . . .
where f(—) is a function depending only on the target material, e is the charge of
m
an electron, then Z; and Z- are the atomic numbers of the target and projectile particles

respectively [Tes95].

Conversion methods.
The conversion methods of energy loss are units, low vs. high energies, light to heavy
ions, elemental targets vs. compounds and mixtures, stopping and AF to depth scale

and isotopes [ Tes93].
i Units

The mass of the projectile ion M; and the mass of the target M are converted into

atomic mass units (amu} [ Tes93].
ii. Low vs. high energy

The nuclear stopping cross section at energyv E can be calculated from:

()= 84622 2.5,(E,) .y e

(M, + MNZF + 227} /107 atoms

Where E. is the reduced energy and S”(E,)is the reduced nuclear swpping.

2.53M.E
‘Er = = Bt 223
ZZ. (M + M W77+ 2°7)

... (1.33)

Then for E, £30kel” S, becomes:

1



5. (E)= In(l+1.1.1383E,)
" 2(E, +0.01321E°7 + 0.19593 £ )

In(£,)

r

2E

r

for E_>30kel : Sn(Er)z

E. in Equation (1.3a) is evaluated then equation (1.3b) is selected for Sn(Er) then
used in equation (1.2) to compute the nuclear cross section &,(E)at an energy E. The

nuclear stopping contribution becomes so small above the 200 keV/amu energy [oss;

it typically becomes less than 1% of the electronic stopping [Tes95].
iii, Light to heavy ions

Equation (1.1) is used to derive the stopping cross sections of two projectiles a, and b

having the same velocity in a medium, then this rule is called the heavy ion rule.

[vaﬁfl :[(;/zgifl e (1.4)

whereyis the fractional effective charge. given by;z:Z‘ (v Z%(v ) with

Z'{v.Z.)being the effective charge of the ion at velocity v in the medium{(Z.). The
stopping of protons (H}) is used to determine the stopping cross section of a heavy ion

(HI) at the same velocity. Then the stopping cross section of heavy ions is given by:

Ep = Exliy?

i

where £, denotes the proion siopping cross section. The high ion energy at the same

' )-EH and the higher the ion energy means the
H ./

rd

. . m.

energy is given bv: £, =17
j=A [=3 . H \

closer the fractional effective charge to 1 [Tes93].
v, Elemental targets vs. compounds and mixtures,

If an assumption that the interaction process between ions and target elements are

independent of the surrounding target atoms, then a simpler linear additivity rule of




energy loss in compounds may be used, this rule is called Bragg’s rule. Considering a

compound A4,_B, the Bragg’s rule for the stopping cross section &* (acme/at) for the

compound can be written as £ =me? + ng” where m+n =1 [Tes95].

v. Stopping and AF to depth scale.

. : dE . .
In this conversion method the energy loss of = or the stopping cross section is used

1o relate the enerey AE last by the probing ions to the thickness penetrated in the

material. This calculation involves solving integrals of the form;

*( dE A i
AE = J[E‘}i‘{ or x = J‘(EJ dE (13)

£
With the former giving AE when the depth dependence of stopping is assumed. the
latter the depth scale x for a given energy interval AE = £ — E, .

dE . . .
EAlIemauvely, £may be evaluated either at ion surface energy £, or at some

mean energy, this depends on the thickness of the target and the stopping variation in

the ion energy region in question.
For thin 1argets the surface energy approximation vields
dE . . -
AL = = (E,)Axor AE = £(E_ }NVt . which may also be used for obtaining the mean
o1
energy £, =F, — A‘% for the mean epergy approximation, which then gives
dE .
AE === (E.)Axor AE = &{E, )Nt .
X

Thicker targets are divided into slabs. then surface energy approximation is used in

each of the slabs. i.¢. the energy lost in the ith slab AE, and the wotal AE in the target

is calculated as; AF = £ (E —1)Ax, or
dv,
AE = g(E, —1) (A7), . (1.6)




AE =Y AE,
1

dE

Wheree(E,.—,I)andE(E,—l) are the stopping cross section and energy loss

evaluated at the energy of the (i —1)¢t# slab ion [Tes95].
vi. Isotopes

This conversion coefficient method uses the idea that electronic stopping for a given
ion x with atomic number Z, at an energy % is the same no matter what the ion mass

number is. For instance. the stopping of 2 MeV *H ions is in this way equal to the
stopping of | MeV 'H ions.

In the target medium only with an average mass, M,, different from the natural
composition for isotopic compositions, an approximation for the stopping
[MeVem™/ug] is made by

Stopping (medium [May, Z2 1} = Stopping (medium [M,,, Z-]). (Mav/ M’

where M,, is a parameter denoting the average mass of a medium mass of the natural

isotopic composition [Tes93].
Straggling

This is due 1o statistical fluctuations in the number of collision processes. Straggling”
widens the measured energy distributions and resonances and impairs depth and mass

resolutions in ion beams for materials analysis [Tes93].

Models
Straggling is based on four models, these are: Bohr's theory. corrections to Bohr's

theory (other models). compounds and mixtures and additivity loss fluctuations

[Tes93].

i0



i.  Bohr's theory

When the energy loss width of the energy distribution is higher than the energy
transferred to the atomic electrons by the beam, the distribution is close to a Gaussian.

And its conditions satisfy the ones of a Gaussian formulated as

| MeT// :
N;[aromy ,122.102”—— F| —Lamu (LT
cm” Z Z

Here is an expression that was derived by Bohr in this regime

2 2 2 18
O [keV*]=0,26Z; ZszhO %mlj .. (1.8)

Where Q; is the Bohr value for the variance of the average energy loss fluctuation

Q(Full Width at Half Maximum height is= 2.355Q ). However, this fails for thick
targets where energy loss during penetration exceeds 25%. In some regions where
energyv loss is dominated by electronic excitations, in the limits of high ion velocity

the straggling becomes independent of projectile velocity [Tes93].
ii.  Corrections to Bohr's theory (other models)

Bohr’s theory got improved to extend its applicability to lower velocities of light ions

bv some other authors (Z, < Z.), and then thev came up with this correction for low

velocities below E lke %muj =752,

o j 05L(x)forE < 732.|keY,
1. forE 2 75Z, (r’fe v

— = amu: .. (1.9
b L ami

™

"

L(x)= 1362 —0.016%

x= E[ke%mjr(zszz) [Tes95].

iti.  Compound and mixtures

An approach similar to the cne used for conversion method, elemental targets vs,

compound mixtures, and a linear additivity rule is used for energy straggling. A

2. This is the spreading of beam energy as the beam fraverses marter. whiie i1 siows down.
= s 1
1i



compound of composition A4,B, for m+r=1 with an atom density
N7 {aromy 5 )and atomic densities N,and N, . If an assumption is made that
cm :

straggling for the elements are Q" and QF in a layer of thickness t. Straggling in the
ggling Y

layer of the compound is given by.

o“f mo} o)

N® T Nt Ny ...(1.11) [Tes95].

iv.  Additiviry of energy loss fluctuations

All the Gaussian contributions to energy loss are added in quadrature. These

contributions are the system resolution, O, , energy straggling. €, and beam

Sir

profile, Q Then the total variance of energy loss fluctuations is given by the sum

Beam ~
of these contributions.

Qe = + e + QLo + .. o (1.12)

This is also done for contributions to energy loss fluctuation resulting from mult-
layered targets. The total variance of energy loss fluctuation is given by

Oy = Q:,; + Q%+
Where A and B denote successive layers in a medium. which are penetrated by ions.
In target thickness with a variance Ar, the distribution is directly proportional to the

energy loss fluctuation this is shown by:

Oy = (dE/ dj (i\r)l [Tes95].

Ranges

The total distance ions traverse along the trajectory is the range along the path. The
projected range can be defined as the mean depth at which ions come to 2 halt from
the target surface. Range straggling is the width of the ions” range diswribution; range
distribution is characterized by higher moments such as skewness and kurtosis

[Tes93].




Calculations and simulations
The range distribution calculation in range theory is regarded as a transport problem
describing the motion of the ions during their slowing down to zero energy. These

calculations are divided into analytical methods and simulation methods.

The analytical approach involves simple universal expressions for ion-projected

ranges, R, in the low ecnergy region where nuclear stopping dominates. These

expressions are given in terms of reduced variables, energy and length (£ and R,).

0275N[10%ar / em’ MM,
(01, + M, V(2" + 2.7}

L (LI3Y

r

Projected range is given in terms of the reduced variables by power law expressions.

R =1.63E " for00l<E, <03

L L1
R =22F for03<Er<b
At the higher reduced epergy region R, is given by:

72M, + M N2+ 257
zz. N0 |

R )= xEfkeV] for03<E <6  ..(L14)
The simulation approach’s basis is molecular dynamic or binary collision

approximation (BCA}) calculations [Tes95].
Range in compounds

There are two techniques using the corresponding ranges in element materials,
a. Averaging the ranges for the ion in each element of the compound. weighted
by the relative composition. For the reduced energy and length this method gives for a

compesite 4,8 .

E¥ =mE? +nEf and R”® = mR’ + nR? where m+n =1

b. Finding the range of the ion in a target that has an atomic number equal 10 the

average of the atomic number in compound {Tes931.




i1. Isotopic effects

A

The mass number ratio is used to scale the range for different isotopes of ions 'x at

energies E/A: Range (24 x)= Range(gfﬂ' (%)

In the target medium differing from the natural composition, for isotopic composition

the range is approximated from:

Rmrge(medfz:m{M o ZZD = Range(medium|M ,, Z :Do (Mr%f ] [Tes95]

1.2.2 Major Interactions

Major interactions can be described as those determined by the emitted products
particies used 1o give some information on target material composition. These include
scattered ions, sputtered ions and atoms, recoiled atoms and de-excitation products. In
the study of materials analysis, the most important products are scattered or spustered
ions, which occur only occasionally. The major processes for high-energy interactions
regime are elastic scattering. nuclear reactions and inner shell ionisation. High-energy
technigues are based on the use of light ions {A<3) whereas low energy uses medium

1o high atomic weight (A>10) [Bir§9].
Low energy interactions

i Low energy ion scattering (LEIS) is whereby elastic scattering of
ions is used at energies less than 10 keV. The scartered ions’
energy is given by:

r
7oyl

= —sin”
\i

cosf+

E =£ 1L L (1L13)

Where M; and M: are atomic mass numbers of the incident particle




and target atom, £, _is the incident energy and # is the scattering
angle. The term in brackets can be referred to as K, the kinematic

factor.

ii. fon beam medification of materials is the modification of the
structure of the surface layers of a sample during low energy heavy
ion irradiation. This involves four main processes, which are ion
implantation, sputtering, radiation damage and ion beam mixing

[Bir89].
High-energy interactions

Under this regime, there falls Rutherford’s backscattering (RBS), elastic recoil

detection analysis (ERDA), particle induced x-ray emission (PIXE) and nucliear

reactions.

i Rutherford or coulomb scattering: Rutherford backscattering
spectrometry (RBS) 1s used for sample analysis. The energy of
a scattered ion is given by equation (1.13).

ii. Elastic recoil analysis (ERA} uses recoiling target atoms which are

detected if they get adequate energy from the projectile-target

collisions. It is also used for light elements depth profiling.
il Inner shelt ionisation: this technique is given rise by ion collisions

with small impact parameters which result in emission of electrons

from the shell of atoms.
Nuclear reactions are used for sample aralysis then the technique is calied nuclear
reaction analvsis (NRA) [Bir89]. The present research is based on this technique, so it

is worth discussing in more detail. specifically on ion-ion reactions.

.._.
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1.2.2.1 Nuclear reaction analysis (NRA)

Nuclear reactions are a verv useful tool for light elements depth profiling on heavy
marrix [DelOS]. They are specifically more important in the profiling of deuterium in

polvmers [www(2].

The basic principle is when projectiles undergo nuclear reactions with the nuclei of

the target material, which leads to the emission of product particles.

There is one condition that is always important for nuclear reactions to occur, which is
the incident particle should possess energy greater than the coulomb barrier potential.

Examples of such reactions are nuclear fission reactions. Coulomb barrier potential is

given by:
zZ(m+ M)
E,=——F ... (1.16)
Ma’ + 4%)

Since the mass of the incident, m is very small compared to the mass of the target

nucleus, M in a way that it can be ignored then the equation becomes:

F=—2 . (1.16 b)

[a"+47]
Where z and Z denote the atomic number of the incident and target paricle
respectively. The capital A and small letter a. denote the atomic mass of the incident
and 1arget particle respectively [Bir89].
Equation (1.16b) shows clearly how the coulomb barrier potential depends on Z for

very light incident ions, showing how much more probable low Z reactions are likely

te occur. This makes NRA to be more suitable for low Z target reactions.

The laws of conservation of charge. enefgy. momentum. govern nuclear reactions and
nucteons number (atomic mass number). However, the law of conservation of energy
is the one that plays a major role in materials analysis. which will be discussad in

details under NRA Kinemarics.




NRA kinematics

According to Einstein the energy of a particle at rest can be calculated using the
equation: E - Mc?,

where M is the mass of the particle in atomic mass units (amu) and < is the speed of
light. which is equal to 931.4 MeV for a 1 amu. For a reaction: X +a—>Y+5, a
schematic diagram for this nuclear reaction is shown in figure 1.3, the total energy of

the reaction can be determined from:

Epw = Z E e = Z E proiucs T vt . (117)
where Er,oi is the energy of reactants, which is for the above given by:
SE =, M),
Eproducts 15 the energy of preducts. which is for the above reaction given by:
Z E s =M+ M.y ¢ and 0. 1s the amount of energy released or absorbed
by the reaction depending on its sign.

g,

= yaine

=(M, +M,)-c" (M, + M)

A positive @, means the nuclear reaction releases energy whereas a negative value

vadue
means absorbed energv. This value is always zero for RBS since RBS s under elastic

scattering meaning the reactamts and the producis are in the same state. The @

X value
differs for each state of the nucleus. for instance the reactions leaving the residual

nuclei in the first excited states have much higher O

Ve

than the ones leaving nuclei

in the higher excited states. The scattering geometry for NRA is shown in the figure

1.3.
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Figure 1.3: schematic diagram showing scattering of pariicles in nuclear reactions with a
being the projectile, b the scattered particle, X is the target and ¥ the recoiling nucleus.

For the scattering geometry shown in Fig. 1.3, the law of conservation of energy states

that the total energy should be as given by:

E+E,=E,+E, -0 AL
in the above equartion E is the kinetic energy of the incident particles, Ea is the kinetic
energy of the target. which is 0 since the target is stationary, E; is the kinetic energy of
the emitted particle. E, is the Kinetic energy of the residual nucleus And Q is the

Quatge-

Then the law of conservation of momentum gives:
A+F=P+P

Momenium along x-axis:

my, = m,v, c0s@ +m,v, cos ¢ . (1.19)
Momentum along y-axis:
O=my,sin@+m,v,sing .{1.19b}

To eliminate @ (1.19a)" - {(1.19b)"

202 2., = Iz o
MmooV = 2mvmgy, cos8 - m VT = m, v cosT ¢

-

mov. =m, v sin ¢

This gives:

m v, —2mvmyv, cos8+my =m v, . {119¢)




It i1s known that:

P _m
Zm 2m

Substituting m~v* =2mE imo (1.19¢)
2m E —2\/4m EmE, cos8 +2mE; =2m,E,
Making E, the subject of (4)

£ - mE, —2ymm,E E, cos@+m,E,

) m,
From Eq. (1):
E,=E-E+0
Then

mE, —2/mm.E E, cos@ +m.E, =(E, - E, + Q}-m,
E;(ms +m4)_\}mzmsE} COSQ\/E—S—*[EE (m4 -m1)+m4Q}: 0

Using the old equation used to solve for the roots of a function

—bx~b" —4dac

2a

— 2JmmE cosfx f4m.'msEicos:9+4(ma+m.‘ Elm,—m)+m.O
PR3 Y 3 + ] : §

{ = it

N Z(m:‘ -é-m_,)

\{E _ Jmm.E cosd . \f{mxm:_ES cos™ @ +m, + m NE(m, —m,)+m,0)
: (m,+m,)

(ms +H )

—

£ kl ymm.E cosf ymm,E, cos” 0+ {m, +m, NEm, —m )}~ m,0| |
U (e m) (me, +m,) |

A
!

(1.20)

The + sign in Eq. 1.20 is positive for all M2> M;. In the above equation, the effect

of m- only comes through the Quaie
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Abilities of NRA

What makes this technique more special than any other IBA analvtical technique is
that every isotope can undergo a variety of nuclear reactions, each having unique
characteristics such as energy release, excitation states angular distributions and cross

sections [Bir89].

This technique has some important features, which include:
) High selectivity for the determination of particular light nuclides.
. High sensitivity for many nuclides. which are difficult to determine

using some other techniques.

. It can non-destructively be used to depth profile specific nuclides
[Bir89].
. It can be wsed to analyse more than one light element in near surface

lavers of materials at once.

These features have earned NRA an ¢stablishment as a principal IBA method. NRA's
ability to depth profile with nanometre resolution makes it to be the more suitable
IBA technique for concentration determination and light elements depth profiling
[Kok06].

The NRA’s special case by charged particle detection is Rutherford backscattering
speciroscopy (RBS) [Tes93]. These techniques (NRA and RBS) are both governed by
kinematics equations and their scattering geornetry is the same, Figure 1.3 shows the
scattering geometry of NRA or RBS. An incident beam of energy E; and mass M,
penetrates a target of thickness 1 and mass M; to a depth of Ax. and then the scattered
beam has energy E; for RBS given by:

E =KE (121

In this equation K is the kinematic factor that gives information on the mass,
concentration and the depth of the target. K is a function of M; MZ and 8, K is shown

in equarion {1.13). The RBS cross section is given by:




-

a—

/M. |

(4 o]

where Z; and Z, are the atomic numbers of the projectile and the target, e is the charge

[1—([”‘1/ _)sinﬁjz—l +coseJ1

dQ2

{122
sin* 0 ) )

do { Z,7,¢? ) 4
LIG‘J‘EEDED

1| e

Vi

of an electron in coulombs, £, is the permittivity of free space.

NRA’s Equipment
The equipment used in NRA and RBS is the same; it includes an accelerator up to 4
MeV energy, high vacoum, surface barrier detectors, standard nuclear electronics,
scattering chamber and multi-channel analyzer, although for some of the equipment
parameters differ. Some properties of the NRA make it demand some special
equipment, these are.
» Higher reaction products energy compared to the incident particies” energy.
Lower cross sections compared to the RBS.
¢ The possibility of more than one reaction on a certain nucleus that can
result in different particles,
« High resolution depth profiling allowed by relativelv narrow resonances.
e The possible generation of neutrons especially by deuteron-induced

reactions [Tes95].

NRA’s Geometry and filtering of unwanted particles.
It has been previously discussed that the scamering geometry for the NRA and RBS is
the same. but there is one exception in NRA that is some filtering material has to be

placed in front of the detector. This is shown in figure 1.4

1~
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Figure 14: A Schematic diagram illusirating the scattering geometry used for NRA and RBS

experiments. E, Is the energy of the incident beam, £ (x ( ) is the incident particle at depth x, Q

:aiu

the energy released by the reaction, E (Em (Y). Q. @) is the energy of the reaction product in the sample

our

at depthx, E x) is the energy of the reaction product, E*” ( ) is the energy of the product particles

after penetraring the absorber foil. @, Anda  are the angles of the incident beam and of the detector

and O s the scattering angle [Bir89].

The energy of scattered particle can be given by:

X

COS X

oy (0= E[E,(x.0.0]-  [S,, (E)ix . (1.23)

3

COS &,

E,(x)=£,— [S,(E)x .. (1.23b)

Where x denotes the depth at which the reaction occurs. Eg is the incident beam
energv, S, (£} and S, (E) are stopping power of the incoming and outgoing

particles, &, ande,, are incident beam and detector angles respectively, with E;

il

being the reaction product energy and 9 is the angle of scatiering [ Tes93].

To filter unwanied particles five methods can be used; these are the time of flight
(TOF), absorber foil. electrostatic or magnetic deflection, thin detector and

coincidence techniques {Tes93].
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a. Absorber foils technique.

Placing an absorber foil in front of the detector is the simplest technique to stop
backscattered beam particles. In this technique a pinhole, free Mylar is usually used

for the foil. After passing through the foil, the particles possess energy given by:

Tahs

Ep(3)=Ey, (x)~ [8,,(E)dx - (1.249)

Where Xg is the thickness of the absorber foil, and Su (E) is the stopping power of
the absorber foil.

The drawback of this technique is; the large energy straggling in the foil causes poor

depth resolution [Tes93].
b.  Electrostatic or magnetic deflection technigue

This technique uses the effects of the electrostatic or magnetic fields on charged
particles. The charged particles are deflected to some certain distances by the fields;
the distance to which they are deflected depends on the charge they carry, their mass

and energy.

The depth resolution of this technique is better compared to the one of the absorber

foil technique. but its disadvantage is its complication so it is rarelv used [Tes95].
c. Time of flight (TOF) technique

This methoed is used to distinguish between the particles generated simulianeousiy: it
is based op the simultaneous measuremeant of the detector particles’ velocity and
energy from which the mass of the particle can be calculated. The velocity of the
particle can be measured by measuring the time elapsed between the detection of the

particle in two sequential detectors at a fixed distance from one another.

-~
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The disadvantage of this technique is the requirement of a two-dimensional multi-
channel analyzer, which is hardly found in every ion beam laboratory. Another
disadvantage of this technigue is even though the multi-channel analyzer cannot
detect all the low-energy particles, some particles can reach the detector and it can be

killed [Tes95].

d. Thin detector technique

Thin detector technique is used when proton and alpha peaks overlap with the alpha
spectrurn containing more information than the proton spectrum. The opposite of this
is the absorber foil technique used to filter out alpha pariicles. Here filtering is
achieved with a well-chosen detector thickness due to differences in the stopping
powers between particles and protons. Expensive detectors specifically designed to

measure energy foss are used to filter alpha particles [Tes95].

e. Coincidence technique

This technique uses coincidence arrangement for the detection of back-scanered
particles. In coincidence arrangement, different detectors are used to detect two
reaction products. The detectors are spread in a way that a pariicle that cannot be
reachable for the other detector can be detected on the other detector; this is due to the

coincidence requiremert.

Coincidence technique’s disadvantage is it is limited lo transmission geometries due

to the conservation of momentum [Tes93].

Nuclear reaction cross section

In the present research. NRA is used to measure nuclear reaction cross sections for
Boron and Carbon. As reaction cross section has previously been defined as the
measure of the probability of a reaction to oceur. denoted by 6. in bams

(1b = 107*m"). This can mathematically be presented by:

P=gae... (1.15)

]
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Where P is the probability of a reaction 1o occur, ¢ is the real density of an atom in

g/em’ [Tes95]. The cross section can be measured using the equation:

A:M ... (1.26)
cosa,,

Where A is the area under peak, Q is the detector solid angle in units steradians, sr
[Bir89], Q is the number of charged particles and At is the number of nuclei per cm’
[Tes93). For targets that are not tilted, the denominator becomes 1, and then Equation
{1.26) can sometimes be also written as follows:

Q,=0,. -0-8-Nt

where (), is the number of detected particles.

NRA measurement methods

NRA has 3 measurement methods these are. overall near surface contents, non-

resonant depth profiling and resonant depth profiling [Tes95].
a Overall near surface contents

The value of nuclei per cm® can be determinad in thin lavers independently of the
concentration profile and of the other target’s components provided the cross section
of a given nucieus changes slowly with energy near the incident beam energy. The
number of counts in the peak area, A from the thin laver can be calculated from
Equation (1.26).

If o (E) = g (E¢) for E¢ > E > E — AE, where E; s the incident beam energy and AE is
the energy fost.

If all the quantities in the above equation are known the absolute value of nuclei per
em” can be easy 1c calculate. Since A depends on the number of nuclei per cm™ in

different matrices. the measurements can be compared to a known standard by:

Nt 4
= (127
g (1.27)

ANt

 swandand y tan uznd
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Then the accuracy of the measurement is determined by measurement statistics and

accuracy of a standard [Tes95].

b, Non resonant depth profiling

The peaks of resolution products become wider as the thickness of the sampie is
increased. The shape of peaks is the convolution of the concentration profile with the
cross section and the depth resolution. Then the depth resolution, Ax can be calculated

using:

l-—
x 32 2 V]
- - - - O o dE a.
AE 2 +AE, +AE, ~+AE, "~ + e m
’ C(‘.','OS{JL’”r

wubs
cosa,,, \dE, )

Ax= (1.28)

+
cosa

i

( Snn x dEl ) , Suur
Lcos a, dE, J

Where AE, is the detector resolution, A£, is the geometrical energy spread. AE .

the energy from the multiple scattering, AE ,

5

is the absorber foil enerey straggling,
o, ando,, are the Bohr straggling for the reaction product. and E, and E: are

By

incidert ion and reaction product energies in depth x [Tes93].
c. Resonant depth profiling.
The absorber foil reduces the depth resolution of the NRA, and this shows that

resonances are so important for the resolution improvement. In this method. the depth

scale can be given by:

E, ~E e .
y = b ey . (1.29)
S(E,,.)
cose,,
Where £, ... Is the resenance energy, £ is the average energy approximarion

given by: £ =(E - F }/2 and it can be used 1o caiculate the energy loss

FOSOAIONTTY

integral. as the energy change is small. Then the depth resolution is given by:




cose,,

Sli’i’ (Erm‘unuﬂct' )
cosa,,

. (1.30)

Where I is the resonance width, & is the incident particle Bohr straggling, AE is

i3
the incident beam energy spread. The above equation shows clearly thart if the sample
is tilted the better the resolution is, but as the beam penetrates deeper, the energy
straggling incraases so that the resolution becomes the same as of an un-tilted sample

[Tes951.
Usage of standards
Since there is uncertainty in the calculation of the absolute overall surface content of

an element it is advisable to use reference targets, these targets are called standards,

The requirements for standards include

. High lateral uniformity over the beam.

. They should be amorphous to avoid channelling effects.

. They should have long-term stability in air, vacuum, and under fon
bombardment.

. The target preparation should be highly reproducible.

There are some requirements for the measurement apparatus. which need to be met so
that standards can be used and these are:

e Current measurements must be reproducible to avoid charge

exchange after the beam analysis.

» Energy calibration must be reproducible and precise.

¢ The detection angle must be reproducibie.

e Dead time and pile-up rejection should be accurate.
The measurements of unknown sampie and a standard sample must be performed
under the same conditions, for instance the solid angle, absorber, incident enersy or
the uncertainty of the current measurement. Then the number of the measured nuclei

in the unknown sample can be given by:

1-2
-~



4 07,
mi=wni, A2 e (131)
) Aref Qr
Where And Arr are the peak arcas in the spectra, O, and Q. are the total collected

charges and Nt and N7, are the number of nuclei per cm” for the unknown sample

ref
and the standard respectively.

In a situation where the standard and the unknown sample are both bulk, the
composition at the surface is obtained by using a surface energy approximation to

nuclear reaction analysis {Tes95]

Considering the binary-element unknown sample of composition 4, B, ., composed of

A and B elements where x and v are the atomic fractions of A and B respectively. If
the amount of element A in the unknown is 10 be measured, a standard containing
element A is chosen. Suppoese the standard is composed of element A and element C

atoms of the composition 4. W, . The surface heights of the element. A, in the two

samples. in the unknown, A _;' and in the standard, &, *is given by:

o o \E ), O e x 2
_tnr m
H.;\,K gy (EG)QKQKSKZ L (L32h

- [glw'{ cosa,,

Af
Anr

Where o, (E,) is the nuclear reaction cross section for element A. [5] and

[£],.* are nuclear reaction cross section factors for element A in the standard and
the unknown respectively. O, £ and Q are total collected charge. energy per channel
and solid angle respectively. Then making o (E.) in (1.32b) the subject of the

eguation then substituting into (1.32) gives:

o 4B _
Y= Hn'EK w [gl_mr _ Q‘.&'QKSK' (L
H—”m [g].-!.ar B Q(' Q;’ ) g{ )

Lad

3)

When both the standard and unknown meaasurements are in the same conditions the

factor:




e0c87 | (1.34) [Tesos].
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1.3 Thesis 6utline

Chapter one has been intreducing the technique to be used, NRA, reaction cross-
sections and the way standards are used to reduce uncertainty in current
measurements. The other more chapters are organized as follows:

» Literature review, which gives some works that have been previously done by
some other authors using similar techniques which would somewhere
somehow guide us is presented in chapter two.

e Research design and methodology, which is the way in which data is
collected, analysed and presented is in chapter 3.

e Chapter 4 presents results and discussions,

o Then the last chapter is chapter 5 whereby conclusion and recommendations

are drawn or presented from the preceding chapuer.




Chapter 2
Literature Review

This chapter is about the previous works that have been done on ion beam analysis
using techniques similar to the one used for the current work which is NRA, but due
to the lack of works published under this IBA analvtical technique this chapter is
going to be looking at works done not necessarily at 130° or 135° (the angles of

interest of this research) but within the required incident energy range 1.8 -2.8 MeV.

2.1 Nuclear reactions for the targets of '>C, *C, '°B and ''B.

In most cases light elemems depth profiling is performed using resonant nuclear
reactions analysis (RNRA), which is most often induced by alpha, deuterons or proton
particles, but one drawback of this is: it gives good depth resolution for one eiement at

atime [Ter97].

Deuteron induced, proton-producing reactions. {d. p) are the ones that are often used
1o perform depth profiling of light elements in solids [Jul03]. Cross-sections of these
deuteron-induced reactions are higher than those of *He induced reactions ar the same
energy. Even though *He particle induced reactions have lower cross sections but they
are more sensitive to the linear surface. The more semsitivity of the “He particle
induced reactions is due to the higher stopping power for “He than for deuterons at the
same encrgy. It is therefore advisable to increase “He particies™ incident energy when
depth profiling nitrogen and some other light elemenis since cross sections for the

reactions induced by 2.4 MeV “He particles on niwogen are too low [Ter97]




Carbon analysis

Carbon depth profiling and quantitative analysis are normally performed using non-
resonant nuclear reaction analysis induced by deuterons. Sometimes the *He induced
reactions alterﬁatively used to depth profile carbon in the first few microns below the
surface; this is due to their more sensitivity to the near surface and the less they

produce compared to the deuteron induced reactions {Ter97].

In a depth profiling work performed by Julien and Terwagne the e, po)lSC and
BC(d, po)"*C reactions with protons emitted at very different energies were used 1o
depth profiling both *C and °C simultaneously. In this depth profiling performance it
was cbserved that the 12C(d, pQ)BC reactions’ cross-section was 10 times less than for
*C(d, pg)"“C. this showed the importance of well chosen detection geometry in order

to depth profile >C and C with a high sensitivity and good resolution [Jul03].

The geometry that was chosen for the above depth profiling work is: two silicon
surface detectors with one positioned at NRA position, 135° the other at RBS position,
165° relative to the incident beam induced by 1.05 MeV deuterons. The NRA detector
measured protons and the RBS detecting backscattered deuterons. It was concluded
that for oxygen to be precisely measured, the cross-section of PC (d.ao)''B nuclear

reaction must be measured for incident particies of energy less than 1 MeV [Jul03].

The nuclear reaction ~C(d. ps)"*C shows to be one of the very important reactions for
low concentration determination and depth profiling of Carbon in heavy matrices if
there are some other light elements or not. In another study Kokkoris et al. measured
the differential cross sections of the above reaction at incident energies between 900 —
2000 keV in steps of 25 keV at a scattering angle range of 133° — 170° in steps of 3°,
the target used in this work was a self supported natural Carbon foil of 99.9% purity
and 1x10'% atom/em” thickness. The results of this work were compared to the
relevant data thar had already existed in literature and they showed to be in good
agreement [Kok06]. The results were then presemted in plots of cross sections vs.

incident particles energies. figure 2.1 shows & plot of nuclear reaction cross secrion vs.




incident beam energy at a scattering angle of 150° Kok06].
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Figure 2.1: A graph of cross section vs. incident beam energy for °C (d, p)) " C [Kok06].

In another experiment Terwagne et al. measured the cross-section of "“C(°He, pl)”'N
reaction (for i = 0, 1, 2, 3, 4) at an angle of 90° for incident energies between 1.6 —3.0
MeV. Also the cross-sections of the '“C(*He, p,)"*N reaction (for i = 1, 2). the
2C(He. 0p)''C reaction and the elastic “C(He, *He)"?C were also measured at an
RBS angle of 177.2° in the incident energy range of 1.96 — 2.93 MeV. The conclusion
to this work was: detecting backscattered particles simultaneously with protons at 90°
makes it possible to profile heavy elements like titanium in addition to light elements
[Ter97]. The results were then presented in plots of cross sections vs. incident
particles energies. Figure 2.2 shows a plot obtained by Terwagne et al. in a reacrion

where the first proton was scattered.
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Figure 2.2: A graph differential cross secrion vs. incident beam energy for RO CHe py UN [Ter97)

Boron Analysis.

It has been many vears since the study of boron depth profiling by 'B(p, «)"Be in
semiconductors begun. During this study a number of approaches based on the above
reaction have been discovered. These are: profiling by spectrum fitting at broad
resonance at 660 keV. energy analvsis a1 262 MeV and by iow energy resonance at

160keV [Jia02].

NRA has shown to be more useful if the ”B(p, a@)SBe nuciear reaction is used by
offering the advamage of an isolated « peak above the energy of the incident protons
and a higher cross-section. In addition even though the depth resclution is very

limited, some information about the distribution can be obzained [Mayv98].

L
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The reaction induced by protons on & "1B target has four exit channels.

M '"B+p ——C— » @y +Be’ ——— o+ ap + coe
hMB+p ——» TP+ BT T oyt wy +oan

AU '"B+p — » 0yt az ooy

aV)'B+p — > 2¢" ——— C+y

In channels (I} and (II) the *Be” nucleus splits into two alpha particles otg1 and cg;, and
oty and o> with energy released being 8.583 MeV, *Be” nucleus is in the first excited
state in channel (I) thus when it splits into 2 alpha particles o and «;; it releases a
5.683 MeV energy. With channel (I'V) having a total cross section of 10pb in the
energy range 2.0 — 2.7 MeV [May98].

Maver et al measured a cross section of "'B(p, «)*Be and !'B(p, p)''B nuclear reaction
at a scattering angle of 165° with incident beam at 1.7 — 2.7 MeV energy with an
absolute accuracy of 7%, then derived cross section values using the simultaneously
measured RBS spectra of protons backscattered from a thin gold layer. Then it was
concluded that the values obtained by different methods agreed ai the same energy

within about 10% [May98].

Mcintvre et al. used the reaction "B(a. p)"°C and "'B(c. p)'*C reactions 1o quantify
the boron content of multipiayer thin film used in X-ray optics applications. In
addition 1o this measured relarive proton vield from the ""B(a, p)”C and ''B(a. p)”C
reactions at incident energies between 1.4 and 3.3 MeV at an angle of 135° A
comparison was made between “He backscattering and the B (o. p) C reactions in

determining the boron content of thin films. particularly Pd/B [McI52].

In the above-mentioned experiment a 3.5 MeV Van de Graatf accelerator was used 1o
obtain *He™ ions. A large area surface barrier detector was added 1o a standard
backscartering set up to detect production particles. protons from the {a. p) reaction. it
was placed 40 mm from the target with a 0.3 sr solid angle. The Mvlar foil was used
10 stop backscanered alpha parucles. Then a multi-channel analvzer and standard

nuclear 2lectronics were used 1o obtain proton specira [McI92].




In conclusion B(w, p)C reaction method was found to be simpler for determining
boron content of thin films than the *He backscatiering method, it was found simpler
for both '“B and "'B isotopes near 3.0 MeV incident energy. It was also found that
using the above method could result in simultaneous deiermination of the boron area
density from the observation of protons and the determination of the Pd or Ag area

density from observation of backscattered *He™ particles [Mc192].

Purser and Widenthal [Pur63] measured the angular distributions and differential
cross sections of the « particle groups leading to the ground and first excited states of
*Be over the deuteron energy range of 1.0 —1.8 MeV. The o particles were observed
from the reaction lc'B(d, a)sBe with solid state particle detectors and a 256-channel
analyzer. The differemial cross sections were measured at 156° in the laboratory
system. For the reaction channel leading to the ground state of %Be, the differential
cross section showed a steady increase from approximately 0.28 to .3 mb/sr in the

energy range 1.0-1.8 MeV.

The differential cross sections for the reaction channel leading 10 the 2.94 MeV, first
excited state of “Be showed an increase from 2.63 mb/sr to a maximum of 5.54 mb/sr
at 1.6 MeV and then decreased to 4.88 mb/sr over the same energy range. Anguiar
distriburions of the a particles leading to the ground and first excited siates of "Be
were measured at five energies within 1.0 —1.8 MeV. Forward peaking was observed
with an energy dependant second maximum at approximately 115°. The tabie below
shows the values of cross sections obtained in the deuteron energy range of 1.0 — 1.8

MeV [Pur63].

Ed (MeV) G (mb)
1.0 73

1.2 7.2
1.46 6.73
1.39 9.2
1.75 93

Table 2.1: A 1able of cross sections calculared by Purser er al. i certain incidenr energy values ranging

benveen [0 fo 1.75 Mel” FPurd3].
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The results of this research seemed to indicate that, in the energy range studied, the

interaction radius of two o particles is comparatively large [Pur63].

In another research Jiarui and Chu analyzed boron by measuring accurately the cross
sections of the nuclear reaction "'B(p, « Y*Be using three different improvements, self
supported ''B foil target, high resolution detection and careful analysis of spectra

[Jia02].

For the self supported thin B target improvement a self supported ''B thin foil target
of 50 nm thicknesses, up to 99% "'B purity was used. This was done to eliminate
interference of the (p, @) spectrum by backscattering protons to get a clean RBS

spectrum with a well separated RBS peak for ''B by & -beam [Jia02].

In a high-resolution detector without front absorber improvement, a silicon surface
barmier detector was placed 70 mm away from the target center, the detector’s energy
resolution was 14 keV. The detector without an absorber was to make sure that
« peaks are clean and separated in both (p,« ) reaction and RBS measurement

[Jia02].

In conclusion the real cross section of the ”B(p.a ) *Be was obtained for the first time
in the incident energy range of 0.4 — 1.6 MeV. the experimental error to this was
3.3%. The cross sections under convention with correctly defined lower

discrimination level obtained could be used for applications in ''B analysis [Jia02].

2. 2. Overview

The previously mentioned works emerged with the smudy undertaken for this
research since the targets used are the same as the ones that will be used in this
research, although the angles of scattering are different from the one required here
which are 133° and 130°. The above-mentioned work’s incident energy is within the

required range. which is 1.8 - 2.8 MeV. The tvpe of detzcrors and facilizv that are




going 1o be used are the same as the ones used in the above-mentioned work, but in

the current work we will use two detectors and a Van de Graff accelerator. All in all

the previous works mentioned in this chapter help us to know what to expect from the

current study.

In summarizing this chapter a table containing nuclear reaction data of the currem

research’s ions on targets of boron, carbon, silicon and oxvgen is presented in Table

22.
Target | Reaction Angle | Qvaige O max Eomax Energy Useful?
(MeV) {mb/sr) | (MeV) | Range
(keV)
B (p. po) B 154° | 0.000 13 2.98 1000-3530 | Yes
(p, ag) Be 90° 1.147 1.9 2.25 1300-2580 | Yes
(p, @) Be 90° 0.717 4.9 4.21 2660-7110 | No
(d, o) Be 156° [ 17.818 | 0.43 1.62 980-1800 | Yes
(d, ¢;} Be 156° | 14918 |58 1.62 980-1800 | Yes
(CHe,pe)"C  1135° |19.654 |0.91 3.30 1970-3980 | Yes
(CHe.p))C  1135° 115261 0.91 3.30 1970-3980 | Yes
(o og) B 170° | 0.000 1.78 2.38 980-3980 | Yes
(¢t po)°C 135 4.064 6.3 4.60 4000-5010 | No
(e, p)-C 135° 0979 0.675 ]4.56 4000-5010 | No
''B (p. )" Be 154°  [8.586 4.4 2.50 310-4940 | Yes
163° | 8.583 6.8 2.6 1690-2690 | Yes
(CHe.po)"C | 135° 113185 J0.26 42 1970-3980 | No
(e, po)°C 135° | 0.784 3.9 4.78 4000-3010 | No
C (p.pn)-C | 150° |0.000 5.75 1.73 1000-3500 | Yes
(d, po) °C 133° | 2722 9.1 1.28 900-2000 | Yes
140° (2722 95 1.28 900-2000  Yes
d. pn°C 145°  |-03677 |3.18 1.45 900-2000 | Yes
150° [ -0.3677 3.3 1.45 900-2000 | Yes
170°  1-0.3677 |3.62 1.43 900-2000 | Yes
(CHe,’He)"C ' 177.2° | 0.000 3335 [ 2.02 1960-2940 | Yes
CHe.p)"N 1 139.4° | 2.467 5.0 2.9 1770-5390 : Yes
Cie.p)™N | 139.4° | 0.834 9.8 4.4 1960-2940 | No
177.2° 10.831 0.27 2.33 1780-5390 | Yes
(u, 0g)~C 170.3° | 0.000 1.3 4.23 1360-4980 | No
B (p. po)°C 163.8° | 0.000 5.5 1.0 26101990  No
(dpa”C T 135°  [3.947 3.85 1.4 1300-1650 Yes
L{d, pa)°C 150° | 3.932 44 1.325  1300-165G | Yes
| CHe.po) N 1 130° [ 10.666 | 1.08 3.15 1500-3330 | Yes
(e, ) °C 165° 1 0.000 8.1 2.78 1980-3330 ' Yes |
Table 2.2: Useful existing nuclear reactions data for the underiaking of study. Egay, 4 the table is the

energy ar which the mercinum cross section Is found, the column labeled “usejul? " refers 1o whether rthe
reaction’s incident energy is within the study's required range 0.8 - 3.0 MeV fuwwil9].
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Target | Reaction Angle | Quaye Cimax Eomss | Energy Useful?
MeV) (mb/sr) | MeV) | Range
(keV)
0 (d, 0g)"N 135° 311 1.28 1.0 $20-2020 | Yes
, 142.2° 13.11 1.21 1.0 790-1680 | Yes
150° [3.11 1.0 1.0 700-1060 | Yes
(d, po) 'O 135 [1.919 23 2.65 700-1800 | Yes
142.2° [ 1.919 1.2 1.68 790-1700 | Yes
150° | 1.919 1.90 1.68 700-1800 | Yes
(d, p)"0 135°  |1.048 3.4 2.1 510-2970 | Yes
142.2° | 1.046 1.36 1.38 790-1700 | Yes
145° | 1.047 0.95 0.96 760-950 | Yes
150° | 1.046 1.046  |1.33 700-1800 | Yes
(‘He, u)"0 | 90° 4914 3.4 2.4 1590-2590 | Yes
(e, 0p)°0 150° 1 0.000 8.7 3.03 2950-3050 | Yes
(p. po)°O 149.5° | 0.000 6.2 2.77 248-2810 | Yes
B0 (p. 0g)"N 144° 1 3.980 1.0 1.765 | 1730-1770 | Yes
155° [3.980 1.45 1.761 [169-1770 | Yes
165°  13.980 8.0 1.780 1920-2060 | Yes
(d, ag)’°N 165° 247 2.2 1920 | 830-2000 | Yes
(d, a;)" "N 165° | 4.117 2.45 1.75 820-1990 | Yes
(d. uz)"°N 165° | 3.942 1.15 1.68 840-2010 | Yes
(d, a3)™N 165° | 3.845 0.72 1.76 840-2000 | Yes
-5 (d, po)”’Si 150° | 6.249 28 1.93 1040-2100 | Yes
(d. p)”Si 150° 4972 248 1.15 1040-2100 | Yes
NG T pa) o ASE | 1607 | 0.000 2175 ] 1.69 1330-2130 | Yes
(Lae)™™@Si [ 150° 1 0.000 1.29 3.89 2490-4920 | No

Table 2.3: Nuclear reacrions data for oxygen and silicor within the studh''s required range of 0.8 - 3.0 MeV
[ (9]

To reduce uncertainties in our measurements we will compare them with data taken
from the literature and standards of '°0 measurements, which are the standards for
which we are having enough data in our nuclear data library especially at the angles
150" and 135°.




Chapter 3

Research design and Methodology

In the current research we are dealing with light nuclides so we opted to use NRA, an
IBA method. this was due to NRA’s high sensitivity and its ability to depth profile
nondestructively [Bir89]. When performing IBA there are three important processes:
beam production, transportation and products detection [Tes95]. Its facilities comprise
a Van de Graaff accelerator, lon source, ion beams, target chamber or scattering
chamber, targets. solid state detectors, preamplifiers, linear amplifiers. standard
nuclear elecironics and multi-channel analyzers, figure 3.1 shows a schematic
diagram of the arrangement of facilities for scattering experiments. Chapter 3 is going
to be about description of facilities and the experimental procedure then

overview.
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Figure 3.1 4 schemaric diagram of showing a setup and facilities used for on beam analvsis {Chu™8].
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3.1 Description of facilities

a. Ion sources

The name, ion source indicates clearly that ion sources were basically designed for the
production of ions and they are located inside accelerators. lon sources’ principles of
operation are based on stripping off of electrons from gas atoms thus giving the gas
atoms charge states [Bir89], this is normally done by electron bombardment of the gas
enciosed in the chamber. Ion sources are grouped into those suitable for high energy
ion production and those suitable for low energy ion production [Bir89]. So in the
present work we will use high-energy positive ion production ion sources. Under this
group we find radio frequency (RF) and duoplasmatron ion sources. RF is used for

RBS and PIXE’ analysis whereas duoplasmatron is used for NRA [Bir89].

Duoplasmatrons can give beams currents up to a few mA which is quite high
compared to any other high energy positive ion sources, as it has been mentioned
above that ion sources give charge states to gases, thus the beam coming out of the
duoplasmatron usually comains positive beams, but sometimes it also contains a

mixture of various atomic species and charge states [Bir89].

b. Van De Graaff Accelerator

Before the invention of particle accelerarors the only sources of particles that could
induce nuclear reactions were natural alpha particle emitters. These natural alpha
emitters were used umil 1932, the vear in which particle accelerators were first
constructed. Nowadavs the use of these sources is no longer important due to the fact
thart the accelerators are capable of accelerating particles up t the required energies
[www06]. These devices use electric and magnetic fields to propel charged particles
to higher energies. since their purpose is to generate high-energy particles for
interaction with matter. Accelerators are categorized into circular and linear
accelerators. Circular ones are the ones that can accelerate particles along circular

paths in machines of different sizes e.g. svnchrotrons and linear ones are the ones that




use linear array of plates with alternating high-energy field, they are more often used
to accelerate particles traveling in short lines, although they can sometimes be used to

accelerate particles traveling over very long distances [www07].

Van de Graaff accelerator is made of three important parts, these are: the pressure
tank, the generator, and the accelerator proper. The principle of operation of the Van
de Graaff accelerator: a conveyor belt is used to collect positive charges from a high
voltage source at the end of the belt and transport the charges to the outside of the
terminal at another end of the belt situated at the top of the accelerator. Nowadays’
Van de Graaff accelerators can be operated at voltages up to 20 MV, but the one we

will use for this research located within South African Nuclear Energy Corporation

lab can be operated up to a voltage of 3.8 MV. The Van de Graaff accelerator at

NECSA is shown in figure 3.1.

Figure 3.1: The tank of the van de Graaff accelerator used at NECSA.
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¢. Target chambers.

This device is basically used to hold targets and detectors, it is also used for radiation
shielding especially for NRA when scattering experiments a run [Bir89]. It is
sometimes called scattering chamber or vacuum chamber due to the fact that vacuum
i1s maintained when scattering experiments are performed. Vacuum is maintained
otherwise the beam would rapidly loose energy in air. Pumping systems are used to

remove any gases evolved from the target and chamber [Bir89].
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Figure 3.2: A picture of the target chamber.
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d. Silicon surface barrier detectors

These are the most used particle detectors for ion beam analysis; they are used
especially for light ion detection, mainly proton and alpha particle detection.
Semiconductor detectors’ principle of operation is like the one of a semiconductor
diode: a semiconductor does not conduct electricity if reverse biased; this is due two
enlarged depletion layer, the layer where charge carriers have been depleted. But if
charge carriers (electron-holes) are formed in the depletion region and the temperature
of the diode is raised, the electrons and holes are moved to the opposite directions by
the reverse-biasing electric field. The leakage current is temperature dependant
current is produced. The generation of electron hole pairs can also be caused by light

by promoting electrons from the valence band to the conduction band [Tes93].

In semiconducior detectors: energetic ions start loosing energy as they enmter the
depletion region of the detector. this is due to its collisions with the electrons of the
detector’s constituent atoms or nuclei. Photons are formed during these collisions.
This process is called electronic stopping.  During this process charge carriers
(electron-hole) pairs are produced at a rate of a few eV per pair. [ the detector is thick
enough ions come to rest in a period of only a few picoseconds leaving a number of
electron-hole pairs behind. The swept electron-hole pairs appear as a current pulse of
a few ns at the detector terminal, which is collected by a charge-sensitive preamplifier

[Tes93].

In Silicon surface barrier detectors the quantity of collected charge is linear in the
total enargy lost by protons and alphas due 10 electronic stopping processes. But this
guantity is non linear for all ions™ energy fost due to nuclear stopping processes and
charge recombination the quantity is then called pulse height defect. The preceding
phencmena can make the detector's energy resolution worse. which is tvpically in the
range of 15 -20 keV for light ions. Some of lons” energy gets lost as they penetrate the
gold entrance window of the detector. Heavy ions have a large pulse height defect.
and they can cause irreversible radiation damage 10 the detector thus their detection

must be done with caution. In order to assure required detecior depietion thicknzss w

4=
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stop the corresponding highest energy particle a nonogram provided by the supplier is
used [Tes93]. There are some precautions with which surface barrier detectors should
be operated, these are: surface barrier detectors should be kept dark since they are
very sensitive to light, they should not be operated in atmospheric conditions unless

they are ruggedised and their electrodes should not be touched [Bir89].

For the present study an EG&G ORTEC model 17591 silicon surface barrier detector
of 100% efficiency and mounted such that it subtends a solid angle, dQ of 2.03 msr,
which then gave a scattering angle accuracy of = 0.5° placed at an angle of 150°.
While another EG&G 20-4921 model surface barrier detector of the same efficiency

was placed at 135°, subtending a 1.97 msr solid angle.

Figure 3.3: A picture showing surface barrier detectors used for the current study
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Figure 3.4: A schematic diagram showing how the detecior solid angle was attained for
current stuch.

e. Preamplifiers.

Signals collected from the detector are usually so small that they become very
difficult to deal with if no immediate ampiification has been done, and then in
situations like these preamplifiers come into play. Preamplifiers are connected near to
the detector outpurs with their outputs connected to the other signal processing and
analyzing electronics. These devices need to be connected as close as possible to the
detector to reduce capacitive loading due to the fact the signal to noise ratio increases

with increasing input capacity [Kno79].

These devices are divided imo voltage sensitive and charge sensitive tvpes, with the
voltage sensitive type being the ones having a configuration providing output pulses
with amplitude proportional to the one of the voirage pulse supplied 10 its input
terminals. Charge sensitive preamplifiers are the ones having a configuration outpur
pulses proportional to the total integrated charge in the puise provided 1o the inpur
terminals. if the duration of the input pulse is sull shorter than the time constant. RC

iKno79].
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Charge sensitive preamplifiers are normally used with semiconductor diode detectors
i.e. silicon surface barrier, since it is the charge collected that the energy of the
detected particle is proportional to [Kno79]. The model used for the detector at an
angle of 150° in the current study was EG&G ORTEC 142B, and an EG&G ORTEC

142A for the detector at 135°

f. Linear Amplifiers.

Linear amplifiers provide two functions, which are: amplitude gain and puise shaping,
Thev produce linear pulses from pulses of either polarity accepted as inputs. The
amplitude gain has two conmrols: coarse and fine controls through which it is

adjustable over a wide range [Kno79].

The gain depends on the application; for instance if the maximum design output
amplitude is exceeded by the gain, the amplifier saturates then produces distorted
pulses with a flat top at the saturation amplitude. This means linear amplifications is
only realized for pulses short of saturation level [Kno79]. The linear amplifier model

used for the present study was EG&G ORTEC 577 and an EG&G ORTEC 485.

g. Multi-channel analyzers.

This device is an analog to digital converter that converts a properly adjusted
speciroscopy amplifier's cutput. The heart of the device is the analog to digial
converter {(ADC}). It (ADC) analyzes the maximum amplitude of pulses with a
conversion gain ranging from one part in 256 up 10 one in §192. The input pulses are
used to charge a capacitor until the peak of the pulse is detected. When charging stops
a constant current source is turned on and begins to discharge the capacitor linearly.
Then when discharging begins a high frequency clock also starts ticking and its ticks
are counted untl the capacitor is fully discharged. When the capacitor is fully
discharged the clock stops counting and the counts are presented as digitized pulses.

Figure 1.3 shows a schematic diagram of a multi-channel analvzer [Tes93].

16
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Figure 3.3: A schematic diagram of a multi-channel analvzer [Kno79].

3.2 Experimental procedure

3.2.1 Sample design.

Three targers were used for the current study. which are thin carbon foil of a 20 ug
cm™ thickness, boric acid (HBOs) crystal and a foam boron carbide target, while beam
pariicles were interchanged between deuterons and He particles. The foam boron
carbide targer was composed of Si0: and B,C with the chemical formula rB.Cy, /
(Si0-), with x and ¥ being the composition percentage of B1C and $iO: respectively.

with x between 0.3 and 0.3% and v between 0.7 and 0.3%.




3.2.2 Data acquisition and analysis

Silicon Surface
Collimator Barrier Detector

/ O‘/ Target
Incident D /<< o

k. 133
beam _ %
__________________________ »>
D \‘/\J
150°
T
Siticon 4 Collimator
Surface | disks
Barrier ;
Detector

Figure 3.6: An experimental setup that was used for the research.

The set up used for data collection was as shown in Figure 3.6 targets were put inside
the target chamber then the pressure inside the chamber was maintained at 10™ torr,
while beams of deuterons. *He and alpha particles were accelerated to energies
between 0.8 and 3.0 MeV 1oward it. Collirnators were used to sharpen and steer the
beam making sure that it hits the target on the right sport. Two silicon surface batrrier
detectors were used with another one placed at a scattering angle of 150° and a
distance of 8.3 cm from the target subtending a solid angle of 2.03 msr while the other
was placed at a scattering angle of 133" at the same 8.5 em distance from the target
subtending a 1.97 msr solid angie. The aim of the 135° detector was for data
normalization, since there is more data available for the reactions at this angle in our
nuclear data library. To make sure that the detector is able 1o detect every particle
falling within the solid angle. two collimators (2 and 3mm) were used in a conical
arrangement 1o guide scattered particles into the detector sensitive area. No filtering
material was put in front of the detectors; this was done to enable the technique 1o be

RBS/NRA.
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3.2.3 Measuring of cross sections

Cross sections were calculated using the equation (from equation 1.26):

_ 0QaN
cosa,,

4

where A is the area under spectrum peak, Q is the number of incident particles, Nt is
the atomic density of the target, wi is the angle between the incident beam direction
and the sample normal. Since in the case of the current study «, is 0° then the above
equation becomes:

0, = OQaNt

In taking our measurements, we collected O from the Faraday cup using a current

integrator, while O, the number of detected particles or detected charge was taken

from spectra, in counts.

According 1o the above Equation or Equation (1.26), the normalized charge, %is

directly proportional to the cross section, . Then we could use the relation to
compare the normalized charge, which we preterred to call the normalized number of
counts, N¢ 10 the cross sections taken from literature. The reason behind this is: in
Equation (1.26) the two parameters, solid angle, and the target’s atomic density.
Nt are constants. Using the above argument we then plotted graphs of normalized
number of counts and cross sections vs. incident beam energy on the same set of axis.

which were then compared.

3.3 Overview

This chapter was seeking to give clue of what is going to be useful for this study;
those are facilities and the way they function and how the problem gets sorted out.
Then the next chapter gives details on the data and the results taken from the dawa

collected.
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Chapter 4

Results; Presentation and discussions

This chapter presents sample description and characterization, describes and
summarizes the main results, which are discussions of the main trends, patterns and

connections that have emerged then followed by tables and plots.

4.1 Sample description and characterization

According to NRA theory the layer consisting of nuclei of interest should be
sufficiently thin in order for ions energy loss effects to be negligible, this is due to the
fact that thicker targets deteriorate energy resolution. While on the other hand thicker

lavers help with production of good spectra [Jia04].

The thin carbon foil was 50 ug.cm™ in thickness and consists of '>C and "°C isotopes.
Where as the Boric acid crystal was about lmm in thickness and consist of 'H, 10ES_.

g 10 and"0 isotopes.

A thick boron carbide target containing Si0. with the chemical formula (B4C), /
(Si0-), and the ratio x:y is 30% 10 70% was used 1o measure cross sections of boron
and carbon, the reason behind using this target since it consisted of both boron and
carbon natural elements. These two natural elements have these isotopic compositions
B, 19.61% and ''B 80.39% and °C 98.07% and “C 1.07% respectively. Boron
carbide target makes it easier 1o get cross sections of the reactions of isoiopes of boron
and carbon such as “B. "'B. "C and "C using nuclear reaction analysis. This is
motivated by the ability of NRA of amalyzing multiple elemenis ar the same time

[Fia04] and the feature that NRA is isotope specific.

The target, B,C target 2nables one 10 measure reaction cross-sections of the following

nuclear reactions: “C(d. po)*C. *C(d. p1)"C. ¥C (d. d)°C. *CCHe. po)*N. “C(He.
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PN, CCHe, p)™N, “CCHe, *He)"*C. *C(d, p)**C, "°B(d, w)*Be, "°B (d. a1)Be,
B, p@)uB’ MR, pl)nB and IOB(SHe, p)uC.

During the data acquisition, the intensity was kept at 20 n4 for the deuterium (D7)
beam and at 2 nA for helium-3 (*He™) beam. The acquisition times ran from 3000 to

7000s, this was due to the target number of counts to be achieved as taken from the

current from the current integrator, which was 1x10°counts. Thus from this

information, the particle flux for deuterium beam could be calculated o run from
1.78 10" particles /s 10 4.16 x10" particles/s . For the helium-3 beam particle flux

could run from 1.78x10° particles /s 104.16 x10° particles /s .

4.2 Main Results

Spectra peaks identification

The peaks on spectra were Identified through standard kinematics calculations for the

reaction particles, which were calculated theoretically using equation (1.20),

E. = {‘V’mlmSEl COSB . ‘\";mim3E1 COS: e*(mE + m-}IEi (m4 _ml )_ mJQ\'aiue]E

(m, +m,) (m; +m,)

Where M. M; and M. are masses of the incident particles, scattered particles and the
residual nucleus respectively. § 1s the lab scattering angle. Q.. is the amount of
energy released or absorbed by the reaction and E; is the energy of the incident
particles. This equation’s complexity can be reduced by denoting the first term by:

An example of how energies of emitted protons varv with the incident beam energy is

shown in the tablas below.

t
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Ei, | Eout 135 | Eoutt50 |
18 3579 | 3503
16 | 3645 | 3565
50| 3710 | 3.628
21| 3775 | 3.690
22| 3841 | 3753
23 3907 | 3816
24 3972 | 3879
25| 4038 | 3.943
26| 4104 | 4008
27| 4470 | 2069
28| 4236 | 2432

Table 4.1: Kinetic energies of emitted protons for the *(d, py) reaction at 135° and 150" respectively.,
Jor incident deuteron energy E,.. All energies are in MeV.

Data presentation and statistics calculations.

These results are presentad in a way that their interpretations distinguished by the
target used with both beam types come first then followed by the data tables and plots.
On the tables, the column labelled E presemis the incident beam energv. Qi is the
number of incident particles in coulombs, y is the number of detected emimed
particies as taken from spectra peaks in counts, N, is the normalized number of counts

{Q¢/Qinc) in counts/uC and o is the experimental error.  The emor was calculated
using: o= \/ Q,;
0, B T s 'Viof o
Therefore, the % error on Qg was given by: Vo =100 %
=d

The calculation of startistics radiation events is discussed in more details in appendix
A. For the theoretical plots of RBS the cross sections were calculaied using the
Rutherford backscattering cross section formula Eq. (1.22). In the plots Expntl and
Theor refer to the experimental and theoretical measurements of the current study

respectively.

v
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D pi

4.2.1 Results of the D" on Carbon foil.

The following results were obtained by accelerating beams of D™ and *He” particles to
1.8 -2.8 MeV incident energy range in steps of 0.1 MeV toward a 50 pg cm™ carbon

foil target. Shown in Fig. 4.1 is a spectrum collected for deuterons on carbon foil at

2.4 MeV and 135°.
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Figure 4.1 Spectrum collected for a 2.4 MeV beam of deuterons detected at 135

lzc(d, pD)ISC
In Table 4.2 and Fig. 4.2 a huge variation in the literature and experimental data was

observed at 2.4 MeV due to the large errors the resonance at 2.5 MeV could not be
resolved. The data te which the experimental dara is compared is presented in
Appendix B. Table A. Apart from the above-menrtioned errors, no huge variations
were observed berween the plots. Due to the lack data in the nuclear data library the

130 degrees could not be compared. however the trend in the data tends 1o agree with

that seen at 135°.
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IZC(d‘, pl)]3C
The results presented in Table 4.3 and Fig. 4.3 did not have any data available in the
nuclear data library to compare to, they both showed resonance at 2.3 and 2.7 MeV.

Any existing variations in these plots may be due to experimental errors.

“Cd, p2)°C

In Table 4.4 and Fig. 4.4 is another plot that did not have a nuclear data within the
range available in the nuclear data library, The 150° results also showed to be in a
little bit of agreement with Kokkoris et al.’s results below 2.0 MeV with the
experimemtal data normalized to Kokkoris data at 1.8 MeV. Kokkoris data is

presented in Appendix B, Table B.




Tables and plots

E(MeV) | CpltC) | Oy | NjolCountsipC) | O 10,0 | N (Coums/ yC) | O
1.8 22 1132 51.45 1.53 | 5561 252.77 338
1.9 20 928 46.40 1.54 1 4415 220.75 3.32
2 22 1046 47 68 1,47 | 3962 180.05 2.86
2.1 20 1156 57.80 1.70 | 5544 277.24 372
22 20 1157 57.85 1.70 | 4263 21315 3.26
2.3 20 1008 50.40 158 | 35818 180.90 3.01
2.4 20 939 45,95 1231 1773 88.65 2.1
2.5 20 873 43.65 1.48 | 4292 214.60 328
26 20 686 34.30 1.31 2691 134.55 259
27 20 833 41.65 1.44 | 4490 224.50 3.35
2.8 20 490 24.50 1.11 2281 114.05 2.39

Table 4.2; Data collected for the *Cid, pi)”C reaction at 135° and 13(°.

! A

45.00 -
40.00 -
35,90 -
30.00 -
25.00 -
20.00 -
15.00 -
10.00 -
5.00 -
0.Q0

= Expntl
—e— Debras

NC (Critsfuc) X0.53

15 16 1.7 18 1.8 2 21 22 23 24 25 26 2.7 2.8 2.9
£d (MeV)

B

300.00 -

250.00 ] /

200.00 - \\‘ff

160.00 - /\/ e 150 Deg
J . T

NG {CrsiuC)

100.00 -
50.00 -

0.0 -
1.5 1.6 1.7 1.8 192 2 21 22 23 24 2.5 26 2.7 2.8 28
Ed {Me\)

Figure 4.2 In 4 is a plor of g number of detected prorons against the incident beam energy from the
“Cfd pyyC reaction in the current measuremenis taken ar 133 compared to the cross section dara
Found by Debras et a! [Deb”7]. In B is a plor of number emusted protons for the same reaction af 15¢).

h
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E(Mer) | C, («C) | O s | Vs {Countsi pCYy | O | O  ispe | Voo (Countsi pC) | O
1.8 22 453 20.82 087 | 2426 110.27 224
1.9 20 228 11.40 0.75 503 25.15 112

2 22 351 15.95 0851 1213 5514 1.58
2.1 20 396 19.80 099 | 1682 84.10 205
2.2 20 409 20.45 1.01 1650 82.50 2.03
23 20 298 14.90 0.86 976 48.80 1.56
2.4 20 305 15.25 0.87 | 2796 133.80 2.64
2.5 20 717 35.85 1.34 | 21274 1,063.70 7.29
2.6 20 636 31.80 126 | 4367 218.35 3.30
2.7 20 2144 107.20 2.32 | 20870 1,043.50 7.22
2.8 20 29 1.45 0.27 | 6824 341.20 413

Table 4.3: Data collected for the "Ctd, p,)'’C reaction at 135 and 1350F

A

120.00 -
100.00 -
80.00 -

60.00 - —a— 135 Deg

NC (Cnts/uC)

40.00 -

20.00 - £ =
0.00 .  —
1.6 16 1.7 1.8 1.9 2 2.1 22 23 24 2.5 2.6 2.7 2.8 2.9
£ (MeV)

120.00 -

100.00 - /}E\
8c.00 - \
60.00 - \ [ "~ 150 Degrees.
40.00 - i J \

NC {Cnts/uC) X0,1

W
20.00 - / ¥

15161716819 2 212223 24252627 2828
Ed {MeV)

Figure 4.3 In 4 is plot of counts vs. incident denteron beam energy for the ~Ced pi”C measurements
taken ar 135 and in B is a plor taken at 13().
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E(M‘eV) C,m-(ﬂc) 0. ! N . (C'ozm*rs / ;_fC) g | Q ser | Y s (Co:mrs/ pC) o
1.8 22 623 28.32 1.13 1491 e7.77 1.76
1.9 20 570 | 28.50 1.19 1525 76.25 1,85

2 22 557 | 2714 1.11 894 40.64 1.36
2.1 20 433 21.65 1.04 539 | 26.95 1.16
22 20 325 16.45 0.91 427 ! 21.35 1.03
2.3 20 57 2.85 0.38 483 23.15 1.08
24 20 47 2.35 0.34 315 15.75 0.89
2.5 20 325 | 16.25 0.80 808 40.40 1.42
2.6 20 a7 10.80 073 893 34.90 1.32
2.7 20 ¢ 48 13.70 0.83 73 36.55 1.35
2.8 20 | 41 9.20 (.68 429 ] 21.45 1.04

Table 4.4: Data collected for the measurements of the " Ctd. p2i”°C ar 135" and 15(°

A

35.00 -
30.00 - 3

: TR
25.00 - '

20.00 -

: A : —a— 135 Deg
15.00 - - 3

NC (Cnts/uC)

10.00 - L -
5.00 -

. L3
D.0C

15 16 1.7 1.8 1.8 2 21 22 2.3 24 2.5 26 27 2.8 28
Ed {MeV)

8.0C -
7.00 -
€.00 -
500 -
400 -
3.00 -
2.00 -
1.00 -

0.C0 - -
1.5 16 1.7 1.8 1.8 2 21 22 23 24 25 26 27 28 28

Ed {MeV)

—e— expntl

= Kokkoris

NC (Cnis/uC) X0.0723

Figure 4.4 In A is a plor of cownts vs. beam energy for rhe R p;,;‘:':(_ measurements taken ar 135 and
in B is u plor for 130 measurements normalized ar 1.8 Mel 1o the cross section darua found by Kokkoris er
al. [Kokhé].
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IZC( d, d)l:’.C

In Table 4.5 and Fig. 4.5, no consistency was observed in the theoretical RBS number
of backscattered deuterons and the experimental number of backscattered deuterons.
This illustrated the difficulty in reliably extracting the backscattered counts for *C,

which would have included a component of the oxygen surface contamination.




E(Mev) | C,(WC) | Quss | Ny Courts/ pC) | O | O, | N, Counts/ 1C) | O
1.8 22 535 24.32 1.05 2886 131.18 244
19 20 681 34.05 1.30 1435 71.75 1.89

pi 22 310 14.09 0.80 1155 52.50 154
2.1 20 225 11.25 275 1103 55.15 1.66
22 20 254 12.70 0.24 54 2.70 0.37
2.3 20 3N 16.05 0.21 67 3.35 0.41
2.4 20 381 19.05 0.34 253 12.65 0.80
25 20 2010 100.50 0.43 105 5.25 0.51
28 20 474 23.70 0.19 62 3.10 (.39
27 20 10 32.25 0.18 43 215 0.33
2.8 20 1102 14.40 016 25 1,25 0.25

Tahble 4.3 Data collected for the reaction 2o d)C at 135 and 1307 measurements.

A

40.00 -

35.00 - i
30.00 -

25.00 - ¥
20.00 -

15.00 - £
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0.00 - . . e o
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Figure £.5: Plots of connis vs. beam energy for the “Cid, d)~C measurements taken at 135 and 15(¢

normalized 10 theoretical RBS plots at 2.3 and 2.4 MeV respectivels.




C(d, p)°C, °C(d, ap) "B and "C@, °C
Since natural carbon contains only 1.03 % of the °C isotopes, the reactions of this

isotope become very less probable to occur or to be observed especially at low
incident energy ranges like 1.8 — 2.8 MeV. Even though some prarticles emitted due to
these reactions were observed in the current study but their statistics was so poor then

this resulted in their results being not presented.

150(d, po)'’0
In Table 4.6 and Fig, 4.6, the results of '°O(d, p)'’0 did not show very much
variations below 2.2 MeV in the plots. In that plot the experimental measurements and
the one from literature had a huge variation at 2.3 MeV where the Debras et al. data
piot fell out of error bars. this happened again at energies above 2.4 MeV. Debras et al

data is presented in Appendix B, Table C [Deb77].

150(d, py)""0
In Fig. 4.7 there were so many variations between the experimental and the literature
data with the experimental data having small errors owt of which the literature data
falls, consistency was only observed at 2.1 ~ 2.3 MeV. A12.4— 2.§ MeV the Debras et
al. data started to fall out of the experimental errors, The literature data for this
reaction is presented in Appendix B, Table D. The current experimemal data is

presented in Table 4.7[Deb77].
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E (ll/Ie V) Cin (J”C) Qm;?’ Niss (Coums/ I ) o QJISU“ N s (Co:mts HC ) o
1.8 22 7 0.32 0.10 35 1.59 0.27
1.9 20 5 0.50 0.15 42 210 0.32

2 2 g 0.41 0.14 38 1.73 0.28
2.1 20 12 0.60 0.17 38 1.80 0.30
2.2 20 13 0.65 0.18 39 1.95 0.31
2.3 20 9 0.45 0.15 36 1.80 0.30
24 20 12 0.50 0.17 42 2.10 0.32
2.5 20 31 1.55 0.28 57 2.85 0.38

.6 20 31 1.55 0.28 56 230 0.37
2.7 20 30 1.50 0.27 37 1.85 0.30
28 20 31 1.55 0.28 28 1.40 0.26

Table 4.6: Data collected at 135 and 1511 for the measurements of the "0d, pu)"-O reaction.

NG {Cnte/uC) X13.1226

30,00 -
25.00 -
20.00 -
1500 -
10.00 -

5.00 -

0.00 <

A

| —#— Debras |

15 16 1.7 18 19 2 21 22 23 24 25 26 27 28 29

Ed (MeV)

NC (Cnts/uC)

150 -
3.00 -
2.50 -
2.00 -
1.50 -
1.00 -
0.5C -
.00

15 1.6 1.7 1.8 19 2 21 22 23 24 25 26 27 28 29§

Ed {MeV)

—e— 150 degrees.

Figure 4.6: Plots of counts vs. beam energy for the ""Od. Do) O measurements taken ar 133" normalized
to the Debras er al. cross section data at 2.5 MeV and the | 50 measurements respectively[Deb™7].
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E(MeV} | C,. () | Qs | Vsn (Cowntsi ,1C) L O | © ser | Morsr (Coumtsi pC) | O
1.8 22 4 0.18 0.09 17 0.77 0.19
1.9 20 10 0.50 0.16 41 2.05 0.32

2 22 16 0.73 0.18 97 4.41 Q.45
21 20 16 0.30 0.20 80 4.00 0.45
2.2 20 12 Q.60 0.17 32 1.60 0.28
213 20 3] .30 0.12 12 0.60 Q.17
2.4 20 7 0.35 0.13 11 0.55 0.17
2.5 20 2 0.10 0.07 53 265 0.36
26 20 & 6.30 0.12 22 1.10 0.23
2.7 20 4 0.20 0.10 24 1.20 0.24
28 20 5 0.25 0.1 20 1.00 0.22

Table 4.7: Data collected for the measurements of the “Od py O at 135 and 15(F.
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Figure 4.7: Plots of counts vs. beam energy for the '*O¢d, p;)j O measurements 1aken at 135 normalized

to the cross sections data found by Debraser al. 2.1 MeV [Deb™7]. and a plot of current measurements
taken ar ] 31 respectively.




16 14
O(d, ap) "N _

This reaction gave very low numbers of counts at both 135° and 150° scattering

angles, which resulted in very poor statistics in the measurements then the data and

the plots were not included in the current results.

"*0(d, a)'°N
The peaks due to these reactions could not be observed on spectra, which means no

results for these reactions could be presented under the carbon foil results.

%0 d, d)°0
The RBS results are presented in Table 4.8 and Fig. 4.8, whereby they are normalized

to the theoretical RBS measurements at 2.3 MeV. The experimental plot seemed to
follow trends of the theoretical measurements. However, the measurements for RBS

measurements on "0 target cold not be presented due 1o a very poor statistics.




EMe?) | Co(C) | O, | Ny (Counts/ K)o 0, | N (Countsi 1) | O
18 - 22 19 0.86 .20 201 8.14 2.38
198 20 23 1.15 0.24 185 7.75 2.30
2 22 35 1.59 0.27 56 2.55 1.26
2.1 20 27 1.35 0.26 70 3.50 1.55
22 20 5 0.25 0.11 54 2,70 1.36
23 20 17 0.85 0.21 &7 1.35 1.51
24 20 45 2.25 0.34 35 1.75 1.09
25 20 53 1.00 0.22 18 0.90 0.78
2.6 20 14 0.70 0.19 20 1.00 0.83
27 20 6 0.30 .12 11 0.55 0.61
2.8 20 20 0.50 0.16 11 0.55 0.61

Table 4.8 Number of counts taken from the spectra of *0¢d, d)'°0 at 135° and 150

40.00 -
35.00 {
30.00 -

25.00 - -
; ~=— Counts

20.00 -
: —— Exptl

15.00 -

NC (Cnts/uC) X3.70

10.60 -
5.00 ~
o.co

15 16 1.7 18 19 2 21 22 23 24 25 26 2.7 28 2.9
E {MeV)

Figure 4.8: Experimental plor of counts vs. incident beam energy for the "*Ofd. d}'* O measurements 1aken
at 13t respectiveh normalized to the theoretical RBS measurements at 2.3 MeV.




4.2.2 Results of the *He' on the carbon foil target.

Enecrgy (MhIeV)
1 2 3 El
L

Co e
': : / 2CCHe. ' ™N _ / SCCHe, po)°N

10 -
! “OCHe, po)'F 1
30 —
"‘é C 2CeHe, p )N 3
R LCEHe, po) N .
= T L 1643 15 -
= O’ He. o) O .-

Z ( } “C("He, Po)mN

10

106 200 300 100 00 GOG
Chiannel

Figure 4.9: A spectrum collected for the 2.6 MeV He' beam on the carbon foil at 15(F.

2CCHe, po)*N

In Table 4.9 and Fig. 4.10, the results for the ’Cr'He, py*’C reaction taken at 150°
showed to be consistent with the results taken from the nuclear data library for a
139.4° scattering angle except at 2.4 MeV. However, the 135° measurements gave a
very poor statistics so they were not plotted. The literature data for this reaction is

presented in Appendix B, Table E

*CCHe, p)"'N

In Table 4.10 and Fig. 4.11, no particles could be detected for the 135° measurements
at energies lower than 2.1 MeV, but above 2.1 MeV there was a bit of consistence
between the measurements taken at the two scattering angles. Even though the
results seemed in agreement but there is a discrepancy for the 150° results at 2.3
where Kuan et al. 159.4° data falls out of error bars [Kua6é4], which may be due 10
energy experimental errors. The literature data for this reaction is presented in

Appendix B, Table F.




lzC(3He, pz)“N

The data and plots are shown in Table 4.11 and Fig. 4.12 showed an agreement in the
experimental and the Kuan et al. 159.4° cross section data with discrepancies only
appearing above 2.5 MeV. which still fell within the error bars. The literature data for
this reaction is presented in Appendix B, Table G [Kua64].

E(Me V) Cm.- (JuC) lei()" ]VL-ISO" (COI!HTS / !IC') O- le35" NcliS" (COHH!S/ ‘LC) O-

1.8 2.00
1.9 2.00 2 0.07 0.32

2 2.00 3 0.08 0.37 2 0.09 0.30
2.1 2.00 2 0.07 0.32 1 0.05 0.22
2.2 2.00 5 0.11 0.50 2 0.10 0.32
23 2.00 8 0.14 0.63 4 0.20 0.45
2.4 2.12 7 0.13 0.59 4 0.20 0.45
25 2.00 18 0.21 0.95 9 0.45 0.67
2.6 2.00 29 0.27 1.20 5 0.25 0.50
27 2.00 32 0.28 1.26 7 0.35 0.59 |

Table 4.9: Number of counts taken from spectra for '>CFHe, p,)"'N ar 135 and 150"

—=— Expntl

| ——Kuan 159.4

0.00 - :
1516171819 2 212223242526 2728 29

E (MeV)

Figure 4.10: In A is a plot of counts vs. beam energy for the **C{ He, p,)’*N measurements taken at 150"
normalized to the cross sections data calculated by Kuan et al. at 2.7 MeV and 159.4" [Kua64].
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E (Me V) Cin (/”C) OQiss | Nasse (Coums f ) o QJ150° Naso (Co:mts/ o ) o

1.8 2.00
1.8 2.00

2 2.00 5 2.50 1.12
21 2.00 2 1.00 0.71 6 3.00 1.22
2.2 2.00 5 250 1.12 g 4.50 1.50
2.3 2.00 5 250 1.12 22 11.00 2.35
24 212 8 3.77 1.33 44 20.75 3.13
25 200 8 4.00 1.41 27 13.50 2.60
26 2.00 5 2.50 1.12 31 15.50 1278
27 2.00 4 2.00 1.00 18 8.00 2.12

Table 4.10: Number of counts taken from spectra for "C¢ He, p,)"N for measurements taken at 135 and
150 degrees

A

6.00 -
5.00 -
4.00 -

3.00 - ’H | —s— 150 degrees
- . {/ 1

{Cnts/uC}

NC
N
=
S

1

1.00 -
0.00 - : : m— —
151617 1819 2 212223242526 272828
E (MeV)

—e—Kuan 159.4,
—s— Expnil

0.00 - .
15 1.6 1.7 18 19 2 21 22 23 24 25 26 27 28 29

E (MeV)

Figure 4.11: A plot of counts vs. incident beam energy for the *C¢ He. p,)"'N measurements taken at 130"
normalized to Kuan et al. cross sections data taken ar 1594 ar 2.4 MeV [Kua64].
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E (Me V) Cr‘m- (JUC) Qu']ss“ Ndss" (Counrs / /“C ) O le 56¢ N c150° (Counts’ “C ) o
1.8 2.00 3 1.50 087 2 1.00 0.71
1.9 2.00 2 1.00 0.71 2 1.00 0.71
2 - 2.00 2 1.00 0.71 5 2.50 1.12
21 2.00 1 0.50 050] 7 3.50 1.32
22 2.00 3 1.50 0.87 8 4.00 1.41
2.3 2.00 6 3.00 122 | 22 11.00 2.35
24 212 5 2.36 1.05 | 30 14.15 2.58
25 2.00 6 3.00 122 | 22 11.00 2.35
25 2.00 5 3.00 122 20 10.00 2.24
2.7 2.00 4 2.00 100 15 | 7.50 1.94

Table 4.11: Number of counts taken from spectra for “CfHe, PN for measurements taken at 135 and
13tF.

5.00 -

. 4.004
Q i

3.00 4

| —e— 135 Degrees

Cnts/u

Q 2.00-

NC

1.00 -

0.00 - i ,
1516171819 2 212223242526272.82.9

E (MeV)

400 -
3.50 -
3.00 -
2.50 -
2.00 -
1,50 -
1.00 -
0.50 -
0.00 -

15 16 1.7 1.8 1.9 2 21 22 23 24 2.5 26 27 28 29
E (MeV)

- Expntt
—e—Kuan 159.4

NC ({Cnts/uC} X0.226

Figure 4.12: A plot of counts vs. incident beam energy for the "CF He, p-}''N measurements taken at 15("
normalized to Kuan et al. cross sections data taken ar 139.4 ar 2.4 MeV [KuaG4], in A is a plot of 135
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2C(CHe, *He)'2C

Table 4.12 presents the data collected for the experimental measurements for this

backscattering experiment. In Fig. 4.13 the 135° experimental plot could be plotted

but it never followed the trends of the RBS theoretical plot and since they could not

be compared 1o any other measurements obtained from the literature.

E(Me V) Cinc ()UC) less“ A’-CIS:'-" (CGHT‘HS / ‘UC) C)- Qd]SO" erscf‘ (COU’TIS/' !C) c}-
1.8 2.00 13 6.50 1.80 37 18.50 3.04
1.8 200 8 4.00 1.41 19 9.50 2.18

2 2.00 15 7.50 1.94 53 26.50 3.64
2.1 2.00 12 6.00 173 22 11.00 2.35
2.2 2.00 13 6.50 1.80 28 14.00 2.65
2.3 2.00 10 5.00 1.58 48 24.00 3.46
2.4 2.12 7 3.30 1.25 23 10.85 2.26
2.5 2.00 & 3.00 1.22 21 10.50 2.29
26 2.00 8 4.00 1.41 23 11.50 2.40
2.7 2.00 9 4.50 1.50 27 13.50 2.60
Table 4.12: Number of counts taken from spectra for 2CPHe, 3He)"‘?C for measurements taken ar 135
and 150 degrees
1800.00 -
1600.00 -
& 140000 -
2 120000 -
X 100000 - —e—Expntl
3 800.00 - —a— Theor
g 600.00 T
; 400.00 -
200.00 -
0.00 -

1516 17 1818 2 21 22 23 24 25 26 27 28 29

E (MeV)

Figure 4.13: An experimental plot of connts vs. incident beam energy for the '~ CF He, He )" 'C

measurements taken at 135 normalized to the RBS theoretical plot at 1.9 MeV.
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BC(He, *He) C
Due to the very low percentage of 3C (1.03 %) in natural carbon, this reaction results

could not give a good statistics so its data and plots had to be eliminated.

4.2.4 Results of the D™ on Boric acid (HBOs) crystal.

To find Q,uue for the reaction, energy level scheme diagrams showing excitation
energies of the required residual nuclei had o be used. This was done by subtracting
the excitation energies of the residual nuciei from the energy released by the reaction,
which is the Q... given by: O =M, +M,)-c* —(M, + M,)-c*

The energy level schemes diagrams for "'B are shown in Fig. 1 in appendix C, which

enabled us to find the Qyaue of the reactions emitting protons leaving B on the

ground and for excited states with angular momentums, %7 ,%_ . %7 , %_ ,%7
with the emitted protons being p,.p,, p..p; and p,. The Qe were then used to

calculate energies of the emitted particles using the same equation as in the case of
carbon foil target resuits. The energy level scheme diagram used for the calculation of
"B(d, a;)’Be is shown in Fig. 2 and the one used for '"B(d, o,)*Be reactions was taken

from [AJZ88].
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Lo :_ ! E
Foesi {,"Bf_d_ 4B a
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Hoe "\ -
=R J i Lfl “O(d. py)' 70 b
= 04— —
-~ - k¥ el 1 -
G2 o I =
T l60d 4160} :
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Figure £.14: Un-calibrated specirum for2.6 MeV D’ on boric acid ar 150"
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°B(d, po)"'B

The variability of cross sections with the angles of scattering sometimes makes counts
for the same reactions, at the same incident beam energies not to be observed at some
other scattering angles. This was the case for the above reaction when a very few
counts leading to poor statistics were observed for the reaction at 135°, while enough
counts were observed for the same reaction at the same incident beam energy range at
150°. These results are presented in Table 4.13 and plotted in Fig. 4.15. due to the lack
of data in the literature for the (d, p:) reactions lon boron these results were not

compared to anything.

19B(d, py)"'B

A very low number of counts was observed for this reaction at 135°, which then gave
a very poor statistics in a way that the plot could not be presented, this is presented in
Table 4.14, For this reaction the maximum number of counts was observed at 2.7
MeV incident beam energy as shown in Fig. 4.16, which means that is where the

maximum cross section for this reaction at 130° could be found.

"B(d, p)''B
A low number of emitted protons leading to a poor statistics was observed again for
-~

this reaction at 135° presented on Table 4.15, then only the 1507 plot could be

presented in Fig. 4.17.

°g(d, p3)"'B

The results for this reaction’s measurements are presented in Table 4.16 and Fig. 4.18.
However the resulis for the 135° measurements still had poor statistics, this is shown
by the number of normalized counts (in counts/uC) that could be found between 0.1 -
2.28 at 1.8 MeV on the plot. For the 130° the maximum number of normalized counts

was observed at 2.7 MeV.
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"B, p»''B

Like in the above mentioned reaction, the number of detected protons for this reaction
at 135° was still low. these results are presented in Table 4.17 and Fig. 4.19. The

results were better for the 150° measurements. This showed a better probability of

detecting emitted protons for the same reaction at 150 than at 135°.

E (Me V) Che (JUC) Qmss“ N c3s (C'oums/ M ) o leiﬂ" N s (Cozmls pC ) o
1.8 20.2 2 0.45 015 35.00 1.73 0.28
1.9 20 7 0.35 0.13] 47.00 235 0.34

2 28 g 0.35 0.12 ] 36.00 1.38 0.23
21 20 4 0.20 0101 70.60 3.50 .42
2.2 20 8 0.40 0.14 | 60.00 3.00 0.38
2.3 20 g 0.25 0.11 | 48.00 240 0.35
2.4 20 9 0.45 0.15 | 52.00 2.60 0.36
2.5 20 5 0.25 0.11 [ 74.00 3.70 0.43
26 20 10 0.50 0.16 | 92.00 4.60 0.48
2.7 20 5 0.25 0.11| 68.00 3.40 0.41
2.8 20 4 0.20 0.10 | 58.00 2.90 0.38

Table 4.13: Number of counts taken from specitra for "*B(d, p,)'' B collected at 135° and 151"

6.00 -

5.00 -

NC{Cnts/uC)

1.00 4

0.00 -

4.00 -
3.00

2.00 4

15 16 17 18 18 2 21 22 23 24 25 26 27 28 28

Ed (MeV)

—e— 150 degrees

Figure 4.13: Experimental plots of counts vs. incident beam energy for the '*B(d. p,y'' B measurements

taken ar 15(F.




E(MeV) C,. LuC) Qs | N (Caunts / yC) O | Cuser | Nogor (Counts/pC) o
1.8 20.2 7 0.35 0.13 25 1.24 0.25
1.9 20 6 0.30 0.12 33 1.65 0.29

2 26 8 0.3 011 31 1.19 0.21
2.1 20 14 0.70 0.19 51 2.55 0.36
2.2 20 7 0.35 0.13 &80 3.00 0.39
23 20 11 0.55 Q.17 48 240 0.35
2.4 20 17 0.85 0.21 49 245 (.35
25 20 21 1.05 0.23 81 4.05 0.45
26 20 22 1.10 0.23 o3 4.65 0.48
2.7 20 13 0.65 0.18 111 5.55 0.53
2.8 20 19 0.95 022 70 3.50 Q.42

Table 4.14 Number of counts taken from spectra for "*B(d, p,)" B collected at 135° and 15(F.

7.00 -
6.00 -
5.00 -
400 -
3.00 -
2,00 -
1.00 -

NC (Cnts/uC)

0.00

Ed (MeV)

1516171819 2 212223242526272829

—e— 150 degrees

Figure 4.16: Experimental plots of counts vs. incident beam energy for the "'Bid, p.)"' B measurements

taken at 13(F.




E (Me V) Cinc (}!C) QJ 133 NL‘DS‘ (Counts / ;IC' ) O- Qd:so" Nclio" (COHHIS/ ;!C ) O-
1.8 20.2 24 1.19 024} 126 6.24 0.56
1.9 20 25 1.25 0.25 132 6.60 0.57

2 26 15 0.58 015} 143 5.50 0.46
2.1 20 18 1.35 032) 214 10.70 0.73
22 20 27 0.50 010 172 8.60 0.66
23 20 10 1.40 0.44 174 8.70 0.66
24 20 28 1.25 0.24 187 9.35 0.68
25 20 25 1.60 0.32 235 11.75 0.77
2.6 20 32 1.35 0.24 305 15.28 0.87
2.7 20 27 2.05 0.39 300 15.00 0.87
28 20 41 2.05 032§ 230 11.50 0.76

Table 4.13: Number of counts taken from spectra for '’Bid, p»)'' B collected at 135° and 13(F.

‘ 18.00 -
| 16,00 -
14.00 -
12.00 -
10.00 -

8.00 -

6.00 -~

NC (Cnts/uC)

4.00 -
2.00 -

0.00

Ed (MeV)

1.5 16 17 18 19 2 21 22 23 24 25 26 27 2.8 29

'—+— 150 degrees;

Figure 4.17: Experimental plot of counts vs. incident beam energy for the "“B(d, p)'' B measurements

taken at 130F.
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E(MB V) Cuu (IJC) less" NclSS" (COHHIS / 'UC) 0- leso" NclSﬂ’ (CO!JHIS/[JC) O-
1.8 20.2 24 1.19 0.24 132 6.53 0.57
1.9 20 27 1.356 0.26 130 6.50 0.57

2 26 28 1.12 0.21 156 6.00 0.48
2.1 20 38 1.90 0.31 179 8.95 0.67
22 20 24 1.20 0.24 193 9.65 0.68
2.3 20 23 1.15 0.24 156 7.80 0.62
24 20 27 1.35 0.26 157 7.85 0.63
25 20 28 1.40 0.26 1 208 10.40 0.72
26 20 35 1.75 0.30{ 310 15.50 0.88
27 20 33 1.65 0.28 | 268 13.40 0.82
2.8 20 46 2.30 034 241 12.05 0.78

Table 4.16: Number of counts taken from a spectra of "Bfd, py)'' B collected at 135° and 15(F.

NC (Cnts/uC

3.00 -

)
)
w
o
1

200 -
150 -
1.00 -
0.50 -
0.00 -

Ed (MeV)

1516171819 2 21222324252627 2829

. —e— 135 degrees|

18.00
16.0¢
14.06

NC (Cnts/uC)

12.00 -
10.00 -
8.00 -
.00 -
4.00 4

2.00 -

0.00 - -
15 16 17 18 19

2 21 22 23 24 25 26 27 28 2%

Ed {MeV)

—e— 150 degrees -

Figure 4.18: Experimental plot of counts vs. incidenr beam energy for the " Bid. ps)'' B measurements
taken at 133 and 130F respectively.




E (Me V) Che (yC) Qs | Nosse (Cormts fC ) 2] Qs | Nase {Counts/ 1C) | O

1.8 20.2 31 1.53 0.28 926 45.84 1.51
1.9 20 4 1.70 0.28 685 34.25 1.31

2 26 68 2.62 032] 1385 53.27 1.43
2.1 20 55 2.75 0371 1844 92.20 2.15
2.2 20 51 2.55 036 13186 65.80 1.81
2.3 20 69 3.45 0.42 | 1562 78.10 1.98
2.4 20 76 3.80 044 | 1588 79.40 1.99
2.5 20 683 3.15 040 | 1647 82.35 2.03
2.6 20 79 3.75 043 | 1599 79.95 200
2.7 20 63 3.15 040 2914 145.70 2.70
2.8 20 53 2.65 0.36 | 288% 144.45 2.69

Table 4.17: Number of counts taken from a spectra of "*B(d, p }"'B collected at 135° and 150,

A

4.50 -
4.00 -
3.50 -
3.00 -
250 -
2.00—.
1.50 -
1.00 -
0.50 -
0.00 - . — : —

15 16 17 1.8 1.9 2 21 22 23 24 25 26 27 28 2.9

Ed (MeV)

| —— 135 degrees;

NC (Cnts/uC)

160.00 -
140.00 -
120.00 -
100.00 -
80.00 - " —e— 150 degrees .
60.00 - :
40.00 -
20.00 -
0.00

Nornmatllzed Counts
{Counts/uC}

1516171818 2 212223242526272829
Ed (MeV)

Figure 4.19: Experimental plot of counts vs. incident beam energy for the "“B(d. p.)'' B measurements
raken ar 133 and 130° respectively.
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IIB( d, po)IZB

The results for the measurements of this reaction are presented in Table 4.18 and Fig.
4.20 and they are not normalized to any cross sections data. The plots for the results
of measurements taken at the two scattering angles showed to be not consistence,
where as consistency is always expected for the plots of the same incident beam type

and energy, this may have been caused by experimental errors.
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E(ME V) Ciu (ﬂC) =di3s° N s (Counts /”C) O | Quser Nosoe (Cozmts/ IUC) J
18 20.2 118 5.89 0.54 | 1334 66.04 1.81
1.8 20 183 9.15 068 | 1193 58.65 1.73

2 26 258 9.92 062 | 2087 80.27 1.76
2.1 20 243 12.15 078 | 3772 138.60 3.07
22 20 213 10.65 0.73 | 3888 154.40 312
2.3 20 207 10.35 072 | 3666 183.30 3.03
2.4 20 246 12.30 0.78 1 2535 126.75 2.52
25 20 202 14.60 0.85] 1834 91.70 2.14
26 20 362 18.1¢ 0.895 | 2850 142.50 2.67
27 20 471 23.55 1.08 | 2648 132.30 257
28 20 561 28.05 1.18 | 2888 144.40 2.69

Table 4.18: Number of counts taken from a spectra of B(d, p,,)”B collected at 135° and 150°.

NC (Cnts/uC)

35.03 -
30.00 -
25.00 -
20.00 -
15.00 -
10.00 -

5.00 -

Q.00

A

Ed (MeV)

15 16 1.7 18 19 2 21 22 23 24 25 26 27 28 2%

—a— 135 degrees!

NC (CntsfuC)

25000 -
200.00 -

150.00 -

50.00 -

0.00

i

—

ST

1.5 16 17 18 18 2

Ed (MeV)

21 22 23 24 25 26 27 28 29

—a— 150 degrees.

Figure 4.20: Experimental plot of counis vs. incident beam energy for the “'Brd P(,:]":B Measurements

taken ar 133 and 130" respectively.
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"*B(d, 2:)°Be

No counts were observed for this reaction at 135° even though some counts were
observed at 150° but the statistics showed to be of a very low quality. This showed
this reaction 1o be a weak reaction. These results are presented in Table 4.19 and Fig.

4.21.

"B(d, @))*Be

Even though this reaction leaves the *Be residual nucleus in the excited state but it
seems weak still. since its measurements taken at 135° gave a very poar statistics. The
data for the measurements is presented in Table 4.20. The plot that could be plotted
was the one for the 150° measurements shown in Fig. 4.22, which did not give a good

statistics either.

'B(d, ,)*Be

From this excited state of "Be some protons emitied from the reaction could be
detected at 135°, however with poor statistics. The 150° measurement showed a better
statistics. The data and plots for both 135 and 150° measurements are presented in

Table 4.21 and Fig. 4.23 respectively.

*B(d, a;)Be

This reaction gave better statistics for both 135° and 150° as more number of emitted
alpha particles were detected. Even though the results were not compared to any
nuclear data library but the confidence is better on them. These data and plots are

presenied in Table 4.22 and Fig. 4.24 respectively.
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E(MeV} | Cp (}JC) Qe | Nopsor (Counts 1 uC) | O
1.8 20.2 28 1.39 0.26
1.9 20 30 1.50 0.27
2 26 32 1.23 0.2&
2.1 ) 20 55 275 0.37
2.2 20 39 1.95 0.31
23 20 33 . 1.65 0.29
24 20 38 1.80 0.31
2.5 20 51 2.55 0.36
26 20 44 2.20 0.33
2.7 20 51 2.55 0.36
2.3 20 52 2.60 0.36

Table 4.19: Number of counts taken from a spectrum of ""B(d. ay)*Be collected ar 15"

3.50 -

; 3.00 -
!
2.50 4
!
200 |

j—e— 150 degrees

1.50 4

NC {Cnts/uC)

1.00 -

.50 -

c.oo : - ;
15 16 1.7 18 19 2 21 22 23 24 25 26 27 28 28

Ed (MeV)

Figure 4.21: Experimental plot of counts vs. incident beam energy for the '°Bid oy}’ Be measurements
taken at 154 .
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E(ME’ V) Co (PC) Quisse | Noss (Counts! FC) O | Qs | Noase (Counts/ 1C) | O
1.8 20.2 5] 0.30 0.12 36 1.78 0.30
1.9 20 8 0.40 0.14 41 2.05 0.32
2 26 5 0.19 0.09 62 2.38 0.30
2.1 20 7 0.35 0.13 57 2.85 0.38
22 20 8 0.40 0.14 61 3.05 0.38
23 20 3] 0.30 0.12 46 2,30 0.34
2.4 20 11 0.55 Q.17 58 2.95 0.38
2.5 20 9 0.45 0.15 68 3.40 0.41
2.6 20 10 0.50 0.16 94 4.7¢ 0.48
2.7 20 g 0.45 0.15 85 4.25 0.46
2.8 20 7 0.35 0.13 76 3.80 0.44

Table 4.20: Number of counts taken from a spectra of “Bed, a,)*Be reaction both at 135 and 15(°
respectively.
6.00 -
500 -
S 400 -
E i 1
s 3.00 - : —e— 150 degrees
o 2.00 -
= :
1.00 -
0.00 - . — :
1516171819 2 212223242526 2728289
Ed (MeV)

Figure 4.22: Experimental plot of coumis vs. incident beam energy for the " B(d, a,1"Be measurements
takern at 1301 .
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E(MeV) | Co(C) | Qe | Ny (Cownts ipCY | O | O, o | N (Coums/ i) |
1.8 20.2 25 1.24 0.25 158 7.82 0.62
1.9 20 22 1.10 0.23 214 10.70 0.73
2 26 30 1.1% 0.21 210 8.08 0.56
2.1 " 20 28 1.40 0.26 256 12.80 0.80
2.2 20 30 1.50 0.27 215 10.75 0.73
2.3 20 18 (.95 0.22 187 9.35 0.68
24 20 32 1.60 0.28 204 10,20 0.71
25 20 41 2.05 0.32 220 11.00 0.74
2.6 20 40 2.00 0.32 276 13.80 0.83
27 20 45 2.25 0.34 232 11.60 Q.76
2.8 20 32 1.60 0.28 265 13.25 0.1

Table 4.21: Number of counts taken from a spectra of " Bfd. a:)'Be reaction collected at 135 and 13('.

A

3.0 -
250
200

1.00 4

Normalized Counts
{Counts/uC}

0.50 -

Q.00 -+ - : . _
15 16 1.7 18 19 2 21 22 23 24 25 26 27 28 29

Ed {MeV)

16.00 -
14.00 -
1200 - ‘"
10.00 -

500 - | —+— 150 degrees
6.00 -

(Counts/uC)

400 -

Nomnalized Counis

2040 -

0.0G T - T
15 16 1.7 18 1% 2 21 22 23 24 25 28 27 28 29

Ed (MeV)

Figure 4.23: Experimental plots of counts vs. incident beam energy for the *"B(d. a:"OBe measurements
taker ar 133 and 130 respectively .




E(MeV) Cinc (}’C) QJI}S" N.:ISS" (Coums / p‘C) J Qa‘lso“ Nclscr’ (Counts/;C) o
1.8 20.2 324 16.04 089 1078 5£3.37 1.63
1.9 20 307 15.35 088 | 1193 58.65 1.73

2 26 370 14.23 074 1794 69.00 1.63
2.1 20 330 16.50 0911 2156 107.80 2.32
22 20 361 18.05 0.95 ] 1986 99.30 2.23
2.3 20 325 16.25 0801 2891 144.55 2.69
2.4 20 439 21.95 1.05 | 2015 100.75 2.24
2.5 20 a71 48.55 1.56 | 2249 112.45 2.37
26 20 962 43.18 1.55 | 3572 178.60 2.99
27 20 884 44.20 149 | 3913 195.65 3.13
2.8 20 866 43.30 1.47 | 3426 171.30 2.93

Table 4.22: Number of counts taken from spectra of "*Bid.o;)’ Be reaction at 135 and 150"

i —e— 135 degrees:

NC (Cnts/uC)
8
8

10.00

0.00 - - .
15 16 17 18 18 2 21 22 23 24 25 26 27 28 29

Ed (MeV)

250,00 -
200.00 -
15000 -

—e— 150 degrees:
100.00 -

NC {CntsfuC)

50.00 -

0.00 -
5 16 17 18 19 2 21 22 23 24 25 26 27 28 29

Ed (MeV)

Figure 4.24: Experimental plots of counts vs. incident beam energy for the "B¢d. @:)" Be measuremenis
taken at 133 and 1 3(F respectively .




150(d, pe)" 'O
The 150° results for this reaction’s measurements followed the trends of the trends of
the Debras et al. data calculated at 135° but the ones for 135° never followed these
trends. The normalization factor used to normalize the experimental data to Debras et
al. data was very small here about 100 times the one used for this reaction under
carbon foil measurements [Deb77]. This is due to the larger amount of oxygen in the
boric acid compared to the one on the carben foil surface. The data and plots for these

measurements are presented in Table 4.23 and Fig. 4.25.

160(‘1, pl)l'?o
None of the plots of these measurements followed the wrends of the Debras et al. data

or the carbon foil data [Deb77], the experimental errors or the piling up of peaks,
which was seen in the spectra of boric acid, must have caused this. The data and plots

for these measurements are in Table 4.24 and Fig. 4.26.
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EMer) | Co(uC) | Qe | Voo Counts 14C) | 0 | 0,0 | N (Coumsi 1C) | &
1.8 20.2 38 1,88 0.31 705 34.90 1.31
1.9 20 K} 1.55 028 1073 53.65 1.64
2 26 27 1.04 0.20| 1671 84.27 1.57
2.1 20 54 2.70 0371 1580 79.00 1.99
2.2 20 135 6.75 0581 1748 87.40 209
23 20 61 3.05 0.39 | 1581 79.05 1.99
2.4 20 62 3.10 03¢ | 1750 87.50 2.09
25 20 &1 3.05 0.39 | 1477 73.85 1.92
26 20 60 3.00 0.38| 3178 4158.90 282
27 20 59 2.95 0.38 | 2914 145.70 270
28 20 61 3.05 039 2889 144.45 269

Table 4.23: Number of counts taken from spectra of "*Ofd p))"" O reaction ar 135 and 150" .

NC (Cnts/uC)

8.00 -
7.00 -
6.00 -
5.00 -
4.00 -
3.00
2.00 -
1.00 -

A

0.00 -

1.5 16 1.7 18 19 2 21 22 23 24 25 25 27 28 29

Ed (MeV)

| —a— 135 degrees

25.00 -

1

1

NC {Cnts/uC) X0.113

20.00 -

5.00 -
0.00 -
5.00 -

0.00

Ed (MeV)

1.5 16 17 18 189 2 23 22 23 24 25 25 27 28 29

—e—Expniti '
: —s— Debras .

Figure 4.25: In A. a 133" experimemal plot of counts vs. incident beam energy for the "Otd, p)’ 0. inB
is a 13(F experimental plot normalized 1o thel 35° Debras et al. data ar 2.6 MeV [Deb77] .




E(Me V) Cﬂk‘ Cuc') QJ]SS" Nv:lSS" (COZthS / FIC) G. QJ!SO“ NclSD" (COzmts/pC) o-
1.8 202 185 9.16 0.67 | 2002 99.11 0.22
1.8 20 192 9.60 069 912 45.60 0.15

2 26 215 8.27 0.56 | 2423 93.18 0.19
21 20 216 10.80 0.73 | 1344 67.20 0.18
22 20 214 10.70 0.73 | 1348 67.40 0.18
2.3 20 218 10.90 0.74 1 1673 83.65 0.20
24 20 223 11.15 0.75] 1489 74.45 0.19
25 20 265 13.25 0.81 | 1670 83.50 0.20
26 20 240 12.00 0.77 1 2818 140,95 0.27
27 20 327 16.35 .90 | 1991 99.55 0.22
2.8 20 321 16.05 0.90 | 2619 130.95 0.26

Table 4.24: Number of counts taken from spectra of "*Ofd. p,)*’ O reaction ar 135° and 1350F .

20.00 -
18.00 -
16.00 -
14.00 -
12.00 -
10.00 -
8.00 -
6.00 -
400 -
200 -
0.00 £

NC {Gnts/uC})

—u— 135 degrees

15 16 17 18 1.9 2 21 22 23 24 25 26 27 28 249

Ed (MeV)

16.00 -
14.00 -
12.00 -
10.00 -
8.00 -
6.00 -

NC (Cnta/uC) X0.1

4.00 -
200 -
.00

" —e— 150 degrees

15 16 17 16 18 2 21 22 23 24 25 26 27 28 28

Ed(MeV)

Figure 4.26; Experimental plots of counts vs. incident beam energy
15 respectively.

for the "*O(d. py” O for the 133" and
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®o@, a)"'N

The peak due to the emitted alpha particles in this reaction could not be found for the
135° measurements so in Table 4.25 and Fig. 4.27 only the number of counts taken
from the 150° measurements could be presemted. The plot for this measurement could
also be not compared 10 any literature data, due to the lack of cross sections data in

the literature.

'0(d, a)"°N

The plots for the results at 135° and 150° showed a linle bit of consistence by
following the same trends, with the 135° having a poor quality statistics. These plots
were not compared to any literature data, the piots are shown in Fig. 4.28 with their

data in Table 4.26.
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E(MeV) | C,i(4C) | Oy | Ny Coums 1 1CY | & | O, | N (Coums! (€Y | o
1.8 202 26 1.29 (.25 152 7.52 0.61
1.9 20 18 0.80 020 146 7.30 0.60
2 26 30 1.15 0.21 165 6.35 0.49
2.1 20 37 1.85 Q.30 239 11.95 Q.77
22 20 28 1.40 0.26 180 9.00 067
23 20 22 1.10 023 143 7.15 0.60
2.4 20 K} 1.55 (.28 180 9.50 0.69
2.5 20 34 1.70 0.28 228 11.40 0.75
26 20 42 2.10 0.32 333 16.65 0.9
27 20 51 255 0.36 272 13.60 0.82
28 20 34 1.70 0.29 259 12.95 0.80

Table 4.23: Data collected for the measurements of the YOrd, a ;)MN at 135 and 1507,

A

3.50 -
3.00 -
2.50-l
200 -

1502 ;. ——— 135 degrees

NC (Cnts/uc)

1.00 -

0.50 -

0.0 - - .
15 16 1.7 1.8 19 2 21 22 2.3 24 25 26 2.7 28 29

Ed (MeV)

206.00 -
18.00 -
16.00 -
14.00 -
12.00 -
10.00 -
8.00 -
£.00 -
400 -
2.00 -
c.00

. —e— 150 degrees

NC {Cnts/uC) X0.3

5 t6 .7 18 18 2 21 22 23 24 25 56 27 2E 2.9
Ed (MeV)

Figure 4.27: Plots of counts vs. beam energy for the "“Ofd. a;)"'N measurements taken at 135 and 130°
respectively.
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£l (Me V) Cine (yC') Gz | Vesse (Counrs g ) g leSB“ Nose (C'aums /1C ) o
1.8 20.2 18 0.89 0.25 121 5.99 0.54
1.8 20 25 1.26 0.23 142 7.10 0.60

2 26 14 0.54 0.21 154 5.92 0.48
2.1 20 26 1.30 0.26 212 10.60 0.73
22 20 23 1.15 0.27 177 8.85 0.67
2.3 20 25 1.25 0.22 133 6.65 0.58
24 20 30 1.50 0.28 178 3.95 0.67
2.5 20 32 1.60 0.32 197 9.85 0.70
28 20 47 2.35 0.32 308 15.45 0.88
27 20 44 2.20 0.34 304 15.20 0.87
2.8 20 29 1.45 0.28 220 11.00 0.74

Table 4.26: Data collected for the measurements of the "Ofd, u.)"'N at 135 and 13(.

3.00 -
| 2.50
2.00 -
150 -

1.00 -

NC (Cnts/uC)

0.50 -

A

0.00 ———

15 16 1.7 1.8 19 2 21 22 23 24 25 26 27 28 29

Ed (MeV)

| —e— 135 degrees

18.00 -
16.00 -
14.00 -
$2.00 -
10.00 -
8.00 -
6.00 -
400 -
2.00 -
0.00

NC (CntsfuC)

N

—e— 150 degrees

15 16 17 18 15 2 21 22 23 24 25 26 27 28 29

Ed (MeV)

Figure 4.27 Plots of counts vs. beam energy for the *O¢d, a-)'*N measurememns taken at 135°

and 15(F respectively.
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4.2.5 Results of the *He* on boric acid (HBO3) crystal.

Energy (M7}

1 2 3 4
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Figure: 4.28: A spectrum collected for *He™ on boric acid at 2.6 MeV and 150°

IIB{sHe, a;)mB

These reactions showed to be very weak at low incident beam energies; their lower
residual nuclei states emitted particles could not be detected especially by the 135°
detector at the 1.8 — 2.8 MeV incident energy range. However, the reaction showed
sirength only for i = 0 when its emirted alpha particles were even detected by the 135°
detector. Although the emitted alpha particles could be detected but the statistics for
these measurements was not very good. and the 135 and 150" plot did not seem
following the same trends. This couid be caused by experimemal errors. The table and

plot of the reaction for i =0 is presented in Table 4.25 and Fig. 4.29.

The data For i = i for these reactions is presented in Table 4.28. however no plots

were included due to poor statistics.
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E (.Me V) Cr (J”C) o s | Nesse (Counts /uC ) g Qa’lSO" N yser (Coums ! 1C ) o
1.8 2 3 1.50 0.87
1.9 2 2 1.00 0.71

2 2 2 1.00 0.71 [3) 3.00 1.22
2.1 2 2 1.00 0.71 3 1.50 0.87
22 2 3 1.50 Q.87 5 2.50 1.12
2.3 2 2 1.00 0.71 8 4.00 1.41
2.4 2 4 2.00 1.00 ) 2.50 1.12
25 2 3 1.50 0.87 7 3.50 1.32
26 2 3 1.50 0.87 5 2,50 1.12
2.7 2 3 1.50 087 " 85.50 1.66
2.8 2 4 2.00 1.00 9 4.50 1.50

Table 4.27: Data collecied for the ”B’(j He, ag)‘mB reaction measurements taken at 135" and 150°.

A

3.56 -
300 -
2.50 -
2.00 -
150 -
1.00 4
0.50 -

0.00 - . : — ‘ . .
15 16 1.7 18 1.9 2 2% 22 23 24 25 26 27 28 29

E(MeV)

| —e— 135 degrees !’

NG (CntsfuC)

800 -
7.00 -
6.00 -
5.00 -
400 - —— 150 degrees -
200 -
2.00 -
1.00 -
8.00 - -
15 16 1.7 18 18 2 21 22 23 24 25 26 27 28 26

EMeV)

NC {Cnta/uC)

Figure 4.29: Experimental plots of counts vs. incident beam energy for the '’ Bi3He, a,)''B
measurements taken at 133" and 130" respectively .
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E(Mev) | Coi(C) | Qprse | Ny (Comntsi 1C) | &
1.8 2 2 1.00 .71
19 2 1 0.50 0.50
2 p 2 1.G60 0.71
21 2 1 0.50 0.50
22 2 2 1.00 a.71
2.3 2 2 1.00 071 |
24 2 4 2.00 1.00
25 2 2 1.00 0.71
26 2 3 1.50 0.87
2.7 2 2 1.00 0.71
28 2 3 1.50 0.87

Table 4.28: Data collected for the A He, a,)''B reaction measurements taken at 150"




B (He, p)*C

For this reaction no peaks were observed on the spectra for all i’s less than 5, which
means no protons could be detected. Even for i = 5 the 135° detector could not any
emitted protons still. So the results presented in Table 4.29 and Fig. 4.30 are only for
the 150 measurements and they gave a very poor statistics at incident energies below
2.3 MeV.

For the '“B(’He, pﬁ)uC reaction at 150°, the results are presented in Table 4.30 and

Fig 431 and its statistics was a bit better compared to the one for i =35

EMeV) | Co(iC) | Ourr | N lCoumsi iy | & |
1.8 2 2 1.00 0.71
1.9 2 1 0.50 0.50
2 2 3 1.50 0.87
2.1 2 2 1.00 0.71
22 2 1 0.50 0.50
23 2 2 1.00 0.71
24 2 4 2.00 1.00
25 2 9 4.50 1.50
26 2 21 10.50 2.29
27 2 16 8.00 2.00
2.8 2 9 4.50 1.50 ]

Table 4.29- Data collected for the “’B_fs He ps) C reaction measuremenis 1aken at 15(F,

14.00 -
12.00 -
10.00 -
8.00 -
&6.00 -
4400 -

;. —a-- 150 degrees

NC {Cnts/uC}

2.00 -
0.00

1516171818 2 2122232425 26 27 2.8 29
E (MeV)

Figure 4.30: Experimental plot of counts vs. incident beam energy for the'"Br He. p3)™"C
measurements faken at 1507,




E{MeV) | C, (xC) Qe | Moo (Counts/ uC) |
1.8 2 3 1.56 0.87
19 2 2 1.00 0.71

2 2 2 1.00 071
21 2 2 1.00 0.71
22 2 3 1.50 0.87
23 2 6 3.00 i.22
24 2 3 1.50 0.87
25 2 5 2.50 1.12
26 2 3 1.50 0.87
2.7 2 13 6.50 1.80
28 2 10 5.00 1.58

Table 4.30: Data collected for the B¢’ He., m)”C reaction measurements taken at 1354,

9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00

NGC(Cnts/uC}

0.00 - :
1516 171818 2 2122 23 24 25 26 27 28 2.9

E (MeV)

| —e— 150 degrees -

Figure 4.31: Experimental plot of counts vs. incident beam energy for the' "B He. py)"" B
measurements taken at 13407,
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UpCHe, d,)2C
This reaction’s emitted deuterons could only be detected by the 150° detectorat i = 2
and 3. This is presented in Table 4.31 and Fig. 4.32; this is the only reaction that
showed a better statistics in the helium three induced reactions on boron targets.
However, since there was no literature data for this reaction it could not be compared
to see if it followed the expected trends. For i= 3 the data is presented in Table 4.32
and Fig. 4.33

E(MeV) ] CotC) | Qe | NygplCommts/ 1C) | O
18 2 3 1.50 0.87
19 2 4 2.00 1,00
2 2 7 1.50 1.32
21 2 4 2.00 1.00
22 2 3 1.50 0.87
23 2 5 2.50 1.12
24 2 3 1,50 0.87
25 2 10 5.00 1.58
26 2 5 | 2.50 1.12
27 2 10 | 5.00 1.58
28 2 5 | 2.50 1.12

Table 4.31: Data collected for the "B He, a.) °C reaction measurements taken at 1507

7.00 -
6.00 -
5.00 -
406 -

- —+— 150 degrees
3.00 - —_—

NC (CntsiuC)

200 - T
1.00 -

0.00 - :
15 16 1.7 18 1% 2 21 22 23 24 25 28 27 28 29

E(MeV)

Figure 4.32: Experimental plot of counis vs. incident beam energy for the "BF He, dy)'*C
measurements taken at 1307




E(Me V) Cr‘m (JUC) Qdisu“ Ncl 507 (CountSi ﬂC) O-
1.8 2 5 250 1.12
1.9 2 4 2.00 1.00

2 2 3 1.50 0.87
2.1 2 2 1.00 0.71
22 2 5 2.5¢ 1.12
23 2 g 4.50 1.50
24 2 10 5.00 1.58
25 2 14 7.00 1.87
28 2 12 6.0¢ 1.73
27 2 7 3.50 1.32
28 2 19 8.5¢ 2.18

Table 4.32: Data collected for the ' B He, dy)"”°C reaction measurements taken at 13(.

14.00 -
12.00 -
10.00 -

8.00 -

—e— 150 degrees|
6.00 - — T e

NC (Cnts/uC)

4.00

2.00 -

0.00 - - - .
1.5 16 1.7 18 18 2 21222324252627 2829

E (MeV)

Figure 4.33: Experimental plor of counts vs. incident beam energy for the ""BE He, dy)'"C
measurements taken ar 150F .
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4.2.6 Results of the D* on Boron carbide (B4C/Si0,).

Energy ihfel)

1 2 3 1
33 U o e L e e S S A — 1i
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Figure 4.34: A spectrum collected for deuterons on B,CiSiO.at 2.6 MeV.

ll)B(d, pi)uB

These reactions for i = 0 1o 4 are presented in tables 4.33 to 4.37 and figures 4.35 to
4.39.

For i = 0, the results never looked the way they were expected 1o be since the
measurements for the same reaction had been taken for the boric acid target, however
the results showed to follow the same trends with some deviations at some points
which are suspected to be due to experimental errors. For both targets. the
measurements at 133" gave a very poor statistics then the 135° measurements were not
inctuded but they do appear in Table 4.33. The plot for these results is presented in

Fig. 4.35 as well.

For i = 1, again a very poor quality statistics for the 135° was observed in a way that
these results could not be plotted, however, the data is included in Table 4.34. The
results gotten using the boric acid and boron carbide targets varied with bigger

margins at 2.8 MeV. Fig. 4.36 presems the plot of the 150° measurements.
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In the i = 2 measurements, the 150° boron carbide measurements seemed more
following the 135° boric acid measurements trend than the 150°, where as the 150°
boron carbide plot never followed the trends. The data and plots are presented in
Table 4.35 and Fig. 4.37.

For i = 3, both the 135 and 150° measurements gave a better statistics with the 135°
boron carbide measurements deviating from the boric acid measurements at 2.1 and

2.6 MeV. The data for these measurements is presented in Tabie 4.36 and Fig. 4.38.

For i = 4, the daia is presented in Table 4.37. The plots of the results did not show to
be in agreement with the ones taken with the boric acid target. The plot for 135° in
Fig. 4.39 A would have been expected to start from the low numbers of counts
increase then reach its maximum number of detected counts at 2.4 MeV like so did
the one for the boric acid measurements. Instead of following this trend the plot had
its maximum number of detected counts at 2.8 MeV. The 150° measurements plot
happened to be an opposite of the 150° boric acid measurements, having its maximum
at 1.8 MeV while for boric acid it was found at 2.8 MeV. This must have been caused

by experimental errors.
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E(MeV) | CoiiC) | Qg | Nopps ACounis ! 1C) | & | O | W, (Contsi i) | |
18 20 12 0.60 0.77] 38 1.90 0.31 |
1.9 20 13 (.65 0.81 31 1.55 0.28
2 20 " 0.55 0.74 a9 1.95 0.31
2.1 20 3] 0.30 0.55 37 1.85 0.30
22 20.2 13 0.64 0.80 49 243 0.35
2.3 20 15 0.75 0.87 42 210 0.32
2.4 20 12 0.60 0.77 48 2.40 0.35
2.5 20 10 0.50 Q.71 73 3.65 0.43
2.8 20 17 0.85 (0.92 68 3.40 0.41
2.7 20 9 0.45 0.67 65 3.25 0.40
2.8 25.2 10 0.40 0.63 70 2.78 0.33

Table 4.33: Data collected for the Bed Po)“B reaction measurements taken at 135" and 13(F.

450
400 -
350
300+
250 -
200+
1502
1.00 -
06.50 -

NG {CnisfuC)

Qo0 —
15

16 1.7 1.8

19

e— 150 degrees |

21 22 23 24 25 26 27 28 28

& (MeV)

Figure £33: Experimental plot of counts vs. incident beam energy for the "Bid, p._,j“B
measurements laken at 13
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£ (Me V] Conc CUC) Qazss" Noss (C'aszs et ) g anso" N s (Coszs /L ) o
1.8 20 o) 0.45 0.15 32 1.60 0.28
19 20 11 0.55 017 27 1.35 0.26

2 20 12 0.60 0.17 38 1.90 a.31
21 20 38 1.90 0.31 50 2.50 0.35
22 20.2 ) 0.45 015 57 2.82 0.37
23 20 22 1.10 0.23 59 295 0.38
24 20 17 0.85 0.21 67 3.35 0.41
25 20 40 2.00 0.32 58 2.90 0.38
286 20 38 1.90 0.31 78 3.90 0.44
27 20 19 0.5 022 88 4.40 0.47
28 25.2 16 0.63 016} 125 4.96 0.44

Table 4.34: Data collected for the "'B(d, p))"’ B reaction measurements taken at 135° and 13(F.

§.00 -

NC (CntsiuC)
Now oA
8 8 8

1.00 4

4.00

5,00 -

Ed (MeV)

1.5 16 1.7 1.8 1.9 2 21 22 23 24 25 26 27 28 29

. —e— 150 degrees |

Figure 4.36: Experimenial plot of counts vs. incident beam energy for the w Bid p; )u B
measirements taken at 1307,
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E(Me 37) Cin (J”C) Qafns" Ncl}S" (Counfs/ #C) g leso" NCISD‘ (Coz;ms/ PC) ag
1.8 20 17 0.35 0.21 123 6.15 0.55
1.9 20 26 1.30 0.25 153 7.65 0.62

2 20 20 1.00 0.22 177 8.85 Q.67
2.3 20 21 1.05 023 206 10.30 0.72
2.2 20.2 25 1.24 0.25 219 10.84 0.73
2.3 20 30 1.50 027 223 11.15 D.75
2.4 20 39 1.95 0.31 261 13.05 0.81
2.5 20 50 2,50 0.35 272 13.60 0.82
26 20 48 240 0.35 280 14.00 0.84
2.7 20 50 2.50 035 299 14.95 0.86
28 25.2 26 1.03 | 020y 522 20.71 .91

Table 4.35: Data collected for the "*B(d, p,)*' B reaction measurements taken at 135" and 15t

A
3.00 ~
2.50
2.00

150 - —e— 135 degrees

NC (Cnts/uC)

1.00 4

0.50 -

0.00 - - : . .
15 16 17 1.8 18 2 21 22 23 24 25 26 27 28 29

Ed (MeV)

25.00 -
20.0¢ -
15.00 -

' —e— 150 degrees
10.00 -

NC {CntsiuC)

5.00 -

0.00 -
1.5 16 17 18 18 2 21 22 23 24 25 26 27 28 29

Ed {MeV)
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E(AC[E V) C!n. (llC) QJ&SS" NclSS" (CC'IﬂTfS / !‘(") O- Qd'li(l“ Ncliu" (COH”?';/;C) O-
1.8 20 20 1.00 022 109 5.45 0.52
1.9 20 35 1.75 0.30 | 134 6.70 0.58

2 20 40 2.00 0.32| 148 7.40 0.61

2.1 20 30 1.50 0.27| 185 9.25 0.68

22 20.2 38 1.88 031| 209 10.35 072

[ 23 20 48 240 035| 205 10.25 0.72
2.4 20 45 2.25 034| 218 10.90 0.74

25 20 60 3.00 0.39 | 272 13.60 0.82

26 20 45 225 034 | 305 15.25 0.87

27 20 59 2.95 0.38 | 354 17.70 0.94

23 25.2 78 3.10 0.35| 521 20.67 0.91

Table 1.36: Data collected for the "Brd, py)’’ B reaction measurements taken at 135° and 30",

. 400 -
| 350
3.00 -
250 -
2.00
1.50
1.00 -
0.50

NC (CntsfuC)

A

0.00

Ed (MeV)

25.00 -
20.00 -
15.00 -

10.00 -

NG {CntsfuC)

5.00 -

1.5 1.6 1.7 1.8 1.9 2 2122 23 24 25 26 27 28 29

0.00 -

Ed {MeV)

- —e— 135 degrees

—e— 150 degrees |

15 16 1.7 1.8 1.9 2 21 22 23 24 25 26 27 28 2%

Figure 4.38: Experimemtal plor of counts vs. incident beam energy for the fpid P ‘p
measurements taken at 135" and 150F respectively.

B
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E(MeV) | ColtC) | Qs | Ve (Comnts/ 1C) | & | Qe | N,y (Coumtsi i€) | &
1.8 20 551 27.55 117 ] 5118 255.80 3.58
1.9 20 369 . 18.45 0.96 | 5006 250.30 3.54
2 20 498 24.90 112 | 3300 165.00 2.87
2.1 20 433 21.65 1.04 | 2957 147.85 272 |
2.2 20.2 386 19.11 0.97 | 2572 127.33 251 |
2.3 20 517 25.85 114 | 2728 136.40 261 |
2.4 20 418 20.90 1.02 | 2687 134.35 259 |
2.5 20 473 73.65 1.03 | 2894 144.70 269
26 20 566 28.30 1.18 | 3281 164.05 286 |
2.7 20 578 28.90 1.20 | 3253 162.65 285 |
28 25.2 728 28.89 1.07 | 4425 175.60 2.64 |

Table 4.37: Data collected for the "*Bid p,)"' B reaction measurements taken ar 135° and 15(P.

35.00 -

NC (CntsiuC)

30.00 -
25.00 -
20.00
15.00 1
10.00 -

5.00 -

.00

Ed (MeV)

:-—v-—135degrees‘:

15 16 1.7 18 18 2 21 22 23 24 25 26 27 28 2%

300.00 -

250.00 -

1
1

NC (CntsfuC

200.00 -
150.00 -

100.00 -

50.G0 -

0.09 -

' —e— 150 degrees .

1.5 16 1.7 1.8 1.9 2 21 22 23 24 25 28 27 28 23

Ed {MeV)

Figure 4.39: Experimental plot of counts vs. incident beam energy for the
measurements taken at 135" and 130F respeciively.

HJB(d‘ p.,;}jl.B
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“B(d, p“)lzB
The results presented in Table 4.38 and Fig. 4.40 showed to follow the same trends,

both 135 and 150° they resembled the plot of 150° boric acid measurements with only

one deviation at 2.5 MeV.
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£ (MEV) Ci (uC) Qs | Mosse (Counts ! pC ) O | Qs | Muser {Coursi 1C ) o

18 20| 191 9.55 069| 928 46.40 152
19 20 210 10.50 072 ago 4450 1.49
2 260 195 9.75 0.70 | 1262 63.10 178

2.1 20| 594 29.70 1.22] 2212 110.60 2.35

22 202 681 33.71 129 ] 3119 154.41 2.76

2.3 20| 646 32.30 | 1.27| 3@87 199.35 3.16

24 20| 714 35.70 | 1.34] 3589 179.45 3.00

25 20 672 33.60 | 1.30| 4122 206.10 3.21

2.6 20| 639 31.95 1.26 | 4472 223.60 3.34

27 20| 546 27.30 117 ] 4010 200.50 317

28 255 | 713 28.29 1.06 | 4854 192.62 276

Table 4.38: Datacollected for the ' B(d. py)"” B reaction measurements taken at 135° and 150

4006 4
35.00 |

30.00 |
25.00 -

NC (Cnts/uC)
8
8

——135 c:legret%sli

15.00
10.00
5.00 -
0.00 - , —
15 16 17 18 1.9 2 2% 22 23 24 25 26 Z7 28 2.9
Edt (MeV)
B

250.00 -

8
8

NC (Cnis/uC)

15C.00 -

100.00 -

50.00 -

0.00

15 16 17 18 19 2 21 22 23

Ed (MeV)

24 25 26 27 28 28

—e— 150 degrees

Figure 4.40: Experimental plot of counts vs. incident beam energy for the ' Bid. py'"B
measurements taken ar 135 and 157,
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"B(d, 2)"Be
All the plots of this reaction results had a statistics of poor quality so they were never

plotted even the data was neither presented.

B(d, 1.)*Be
Table 4.39 and Fig. 4.41 presents the data and a plot for this reaction measurements,

poor siatistics was observed for the 135° measurements so their plots could not be

plotted. The 130° plot for these measurements showed to be in agreement with the

plot of the 150° boric acid measurements, which increases the level of confidence on

these results.

EMeV) | Co(uC) | Qs | N (Comntts/ Y | & | Qe | N, (Countsi 1C) | &
18 20 5 .25 0.11 25 1.25 0.25
19 20 10 0.50 0.16 | 28 1.40 0.26
2 20 1 0.55 0.17 | 43 215 0.33
21 20 16 0.80 020 | 55 275 0.37
22 20.2 13 0.64 0.18 | &1 3.02 0.39
23 20 16 0.80 lo20] 40 2.00 0.32
24 20 17 0.85 021] 49 245 0.35
25 20 20 1.00 022 55 2.75 0.37
26 20 8 0.40 0.14 | 69 3.45 0.42
27 20 10 0.50 0.16| 68 3.40 0.41

L P
2.8 25.2 16 0.63 016 88 3.49 D.37

Table +39: Dag collected for the *B(d, .} Be reaction measurements taken ar 135 and 1517,

450 -
400 -
3.50 -
3.00 -
2.50 _
2.00 -
1.50 -
1.00 -
0.50 -
0.00 -

NC(CntsluG)

1.5 1.6 1.7 18 1.9 2 21 22723 24 2526 27 28 2.9

Ed (MeV)

—e— 150 degrees

Figure 4.41: Experimental plot of counts vs. incident beam energy for the “Brd aij'' B
measurements taken at 1307
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2¢(d, po)°C
In Table 4.40 and Fig. 4.42, the 150° results of the measurements of this reaction
showed to be good in a way that they were normalized at 2.5 MeV to the Debras et al.
literature cross sections data collected at 135° [Deb77]. However, the results never
followed trends of the literature plot especially at points between 2.2 and 2.7 MeV,

where the experimental plot falls out of error bars.

", pyc
Both the 135° and 150° plot of this reaction did not show any consistence with the

results from the carbon foil. The plots behaved awkwardly, however the 135° and the
150° plot followed the trends of one another. Table 4.41 and Fig. 4.43 show data and

the plots of these results.

2¢(d, p)*C
Very poor results were observed for this reaction, which had very huge variations

from Kokoris et al. [Kok06] cross section data to which they normalized ar 1.8 MeV.
This is suspected to be caused by the thick target used.These results are presented in

Table 4.42 and Fig 4.44.
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E(Me V) Cn (J“C) s | Vs (Cmmfs / #C) z Qmso" Nose (CD””’S/»*”C) o
1.8 20 327 16.05 0.90] 1957 97.85 221
18 20 333 16.65 091 1842 92.10 215

2 20 331 16.55 0.91| 1586 79.3G 1.98
21 20 346 17.30 093} 1618 80.95 201
2.2 202 378 18.76 0.96 | 2043 101.14 2.24
2.3 20 352 17.60 0.94 | 1987 §9.35 223
2.4 20 508 25.40 1133 2088 104.40 228
2.5 20 369 18.45 0.96 | 1984 99.20 223
28 20 587 23.35 1.21 | 1694 84.70 2.06
27 20 381 19.05 0.98 | 1440 72.00 1.80
28 25.2 647 25.67 1.0t ] 1951 77.42 1.75

Table 4.40; Data collected for the >C{d, py" C reaction measurements taken at 135 and 150",

35.00 |
30.00 -

NC (Cnis/uC)

25.00
20.00 -
15.00 -
10.00 -

5.00 -

0.00 - - - —_—
15 16 1.7 18 1% 2 2% 22 23 24 25 26 27 28 29

A

Ed (MeV)

—e— 135 degrees

40.00
35.00
30.00
25.00
20.00
15.00
10.00

NC (Cnts/uC) X0.3088

0.00

5.00 -

—e— Expntl
—#— Debras

15 16 t7 18 18 2 21 32 23 24 25 26 27 28 28

Ed (MeV)

Figure 4.42; In A. Experimental plot of counts vs. incident beam energy for the “Cid, p,)"’C
measurements taken at 135" in B a 131 plot normalized ar 2.2 Me ¥ 10 the cross sectfons dara found
by Debras et al. ar 135 [Deb™7].
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E (Me V) Con (IJC) Qs | Noiss: (Counts 1 ) J leiu" Noise (Counts/ HC )

1.8 20| 889 44.45 1.48 | 4827 248,35 0.35
1.9 20| 845 42.25 1.45 | 4616 230.80 0.34

2 204 977 48.85 156 3344 167.20 0.29
2.1 - 20 857 32.85 128} 3354 167.70 0.28
2.2 202 | 628 31.08 1.24| 3384 168.02 0.29
2.3 20| 658 32.90 1.28 | 3423 171.15 0.29
24 20| 778 38.90 1.39 | 4404 220.20 0.33
25 20 | 1281 64.05 1.79 ] 9299 464.95 0.48
2.6 20 | 1078 53.90 1.64] 5980 299.00 0.39
27 20| 1147 57.35 168 7663 383.15 0.44
28 25.2 | 1625 64.48 1601 7603 301.71 0.35

Table 4.41: Data collected for the “C(d, p)” C reaction measurements taken ar 135 and 1507,

70.00 -
60.00 T'
50.00
40.00 -
30.00 -

NG {Cnts/uC)

20.00 -
10.00 -
0.00

A

Ed (MeV)

50.00 -
45.00 -
40.00 -
35.00 -
30.00 -
25.00 -
20.00 -
15.00 -
10.00 -
500 -
0.00 ——

NG {Cnts/uC) X0.1

—

—e— 135 degrees .

15 16 1.7 1.8 19 2 21 22 23 24 25 26 27 28 28

. —e— 150 degrees

1516171818 2 212223242526 272828

Ed (MeV}

Figure 4.43: Experimental plot of counts vs. incident beam energy for the e py‘" iC
measurements lakern ot 135 and 130 respectively
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E (Me V) Cin (J”C) QJISS"' Nulssu (Counts /uC ) o lesu" N cl50” (Coum's ! pC ) o
1.8 20 1070 53.50 1.64 | 4546 227.30 3.37
19 20 1160 58.00 1701 5131 256.55 3.58

2 20 2072 103.60 2281 5287 264.35 3.64
21 20 952 48.10 1.55 | 4238 211.90 3.25
22 202 o190 45.50 1.50 1 3720 184.16 3.02
23 20 952 47.60 1.54 | 3885 193.25 311
24 20 948 47.40 1.54 | 3725 186.25 3.05
2.5 20 980 48.00 155 | 4134 206.70 3.21
26 20 1085 54.25 1.65 | 5083 254.15 3.58
2.7 20 1048 52.45 1.62 | 6951 347.55 417
2.8 25.2 1463 58.06 1.52 | 68899 273.77 3.30

Table 4.42: Daia collected for the P Cfd. py" C reaction measurements taken at 135 and 15('.

A

120.06 -
160.00 -
B80.00 -

60.00 ' —»— 135 degrees .

NC {Counts/uC)

40.00 -

20.00 -

0.00 -
151617 1818 2 2122 2324252627 28289

Ed (MeV}

8.00 -
7.00 -
§.00 -
5.00 -
4.00 -
3.0¢ -

2.06 - ; =
1.00 - LJ -

NC {Cnte/uC} X0.02

0.00 :
5 16 17 1.5 18 2 24 22 23 24 25 26 27 258 28

Ed (MeV)

Figure 4.44: Experimental plors of counts vs. incident beam energy for the ""C(d, pj)’ o
measurements taken at 133 and a 130 plot normalized to Kokkoris et al. cross section data ar 1 .8 MeV
measured ar 130" [Kok06].
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13C(d, p0)14C

This reaction was not observed during the carbon foil measurements due to the way

the amplifier settings. Even though this reaction could be observed during the boron

carbide silicate measurements, it’s 135° counts were still very tow. This led to poor

statistics. These results were eventually not included in this presentation. The data and

plot are presented in Table 4.43 and Fig. 4.45.

E(Me V) Cffk' ([.[C) QJISS“ AFCISS" (COHH[S / ‘UCY) ! O- leSO" N¢|50" (COL!}’HS}' ;JC') O-
1.8 20 12 0.60 0.17 22 1.10 0.23
19 20 11 0.55 0.17 55 2.75 0.37

2] 20 16 0.80 1 0.20 51 2.55 0.36
2.1] 20 21 1.05 0.23 78 3.90 0.44 !
2.2 202 14 0.69 0.19 70 3.47 0.41
2.3 20 22 1.10 0.23 81 4.05 0,45 |
2.4 20 37 1.85 0.30 82 410 0.45
25 20 31 1.55 0.28 79 3.95 0.44
2.6 20 40 2.00 0.32 70 3.50 0.42 |
2.7 20 55 275 0.37 87 4.35 0.47
2.8 252 73 2.50 0.34 113 4.48 0.42 |

Table 4.43: Data collected for the BCrd, po)*C reaction measurements taken at 135 and 15"

§.00 -
5.0C -

4.00 -

NC (CntsfuC)

MW
g8 8

1.00 - L

0.00 -

18 16 1.7 1.8 19 2 21 22 23 24 25 26 27 28 29

Ed (MeV)

—e— 150 degrees-

Figure 4.45: Experimental plot of counts vs. incident beam energy for the “Ctd, p,p"*C

measurements laken at 1500 .
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150(d, po)’0
The results of this reaction for boron carbide silicate measurements never foliowed
the trends of the results of the same reaction found in carbon foil and boric acid
measurements. This is suspecied to be caused by experimental errors and the

thickness of the target these results are presented in Table 4.44 and Fig. 4.46.

The plot of these results at 135° seemed 1o follow the trends observed on the results
for carbon foil at incident energies less than 2.0 MeV_ however, it started deviating at

all energies greater than 2.0MeV. Table 4.45 and Fig. 4.47 present these results.
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E(Me V) Cinc UIC) QJISS“ NclSS" (Counts / ﬁf) G QJESG" Nr:l 507 (COI(HI'SJ" pC) o-
1.8 20 665 33.25 129 | 3453 172.65 0.29
1.9 20 507 25.35 113 | 4565 228.25 0.34
2 20 603 30.15 1.23 | 3581 179,05 0.30
2.1 20 420 21.00 102 | 2095 149.75 0.27
22 20.2 420 20,79 101| 2873 142.23 0.27
23 20 470 23.50 1.08 | 2781 138.05 0.26
24 20 425 21.25 1.03 | 2509 125.45 0.25
25 20 479 23.95 100 | 2874 141.20 027
26 20 520 26.00 114 | 3181 159.05 0.28

27 20 585 29.25 1.21] 3253 162.65 0.29
28 25.2 662 26.27 1.02 | 4583 181.87 0.27

Tuble 4.44: Data collected for the "*O(d. py)'” O reaction measurements taken at 135 and 150"

NC {(Cnts/uC)

A

40.00 -

35.00 ¢

30.00-‘:

25.00 -

20.00 - ,—e— 135 degrees

15.00 -

10.00 -

5.00 -

0.00 - — .
15 16 17 18 18 2 21 22 23 24 25 26 27 28 29

£d (MeV)

NC (Chts/ut} X014

25.00 -

20.00 -

15.00 -

—e— 150 degrees

10.00 -
5.00 -

a.00 -
15 16 17 18 1§ 2 21 22 23 24 25 26 27 28 29

Ed {MeV)

Figure 4.46; Experimemal plot of counts vs. incident beam energy for the "Od p,,}j O
measurements taken at 135 and 13(Vrespectively,




E(Me V) | Ctm. (;JC) QJLSS" Arcl}i" (COllnfS "I #C) O- leSO“ Ncliﬂ" (COHHIS/ FC') O-
1.8 20 140 7.60 059 713 35.65 0.13
1.9 20 342 17.10 0.92 | 1375 68.75 0.19

2 20 217 10.85 0.74 | 2144 107.20 0.23

21 20 693 34.65 1.32 | 3519 175.95 0.30

22 20.2 733 36.29 1.34 | 3929 194,50 0.31

23 20 773 38.65 139 4768 238.40 0.35
24 20 718 35.90 134 | 4501 225.05 0.34 |
25 20 580 29.00 1.20 | 4384 219.20 0.33 |

28 20 530 26.50 1.15| 3819 190.95 0.31

| 20 569 28.45 1.19| 3733 186.65 0.31

28 | 252 704 27.94 1.05 | 4598 182.46 0.27

Table 4.45: Data collected for the PO, p,}”O reaction measurements taken at 133 and 150,

NC (Cnts/uC)

o
8

w B o
888

25.00 -

NC (Cnts/uC } X0.1

500

0.00

20.0G -

15.00 -

10.0¢ -

1.5

A

5 16 17

6 17

1.8 19

——Expnti
: —w— Debras ;

2 21 22 23 24 25 28 27 28 2%
Ed (MeV)
B
—e— 150 degrees
14 1% 2 21 22 22 24 25 28 27 28 2%

Ed (MeV)

Figure 4.47: Experimemal p!or of counts vs. incident beam energy for the **Ord. j22) 0
measurements taken at 135" normalized to Debras et al cross sections measurements at 2.1 MeV

and [3F respectively[Deb77].

114



160( d, %}140

This reaction gave the same measurements as it did when the boric acid target was

used.

Both the 135° and 150° plot followed the trends of the same reaction an boric

acid. These plots are presented in Table 4.46 and Fig. 4.48.

E(Mé' V) l Cin (uC) ansi" Ncus" (Cozmts / FC) o leso" Nclin" (Coums /F‘C) o
18 201 673 33.65 1.30 92 4.60 0.36
1.9 20| 485 24.25 1.10 126 6.30 0.35

2 20| 603 30.15 1.23 185 9.25 0.33
2.1 20| 409 20.45 1.01 181 9.05 (.30
2.2 202 374 18.51 0.96 206 14.20 0.28
23 201 431 21.55 1.04 192 8.60 0.28
24 20| 424 21.20 ~11.03 280 14.50 0.28
2.5 20 418 20,80 1.02 287 14.35 Q.27
2.5 20 ) 484 24.20 1.10 332 16.60 0.27
27 20| 486 24.30 1.10 307 15.35 0.27
2.8 25.2 | 638 25.32 1.00 502 19.92 0.24

Table 4.46: Data cotlected for the '*Ofd. a,)"*N reaction measurements taken at 133 and 150,

NC {Cnts/uC) X0.1

NC {Cnts/uC!

B

30.00 -
25.00 -
2000 -
15.00 - "—e— 150 degrees |
10.90 -
5.00 -

C.00 - " - -
16 16 1.7 18 19 2 21 22 23 24 25 26 27 28 29

Ed (MeV)

40.00 -
35.00 -
30.00 -
25.00 -~
20.00 - —+— 135 degrees
15.00 - T
10.00 -
500 -
0.00

15 186 1.7 18 1.8 2 21 22 23 24 285 26 27 28 28
Ed (MaV)

Figure 4.48: Experimental plot of counts vs. incident beam energy for the ‘“'O(d. a:,)H.V
measurements taken at 133 and 150 respeciively.
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4.2.7 Resulis of the *He” on B,C/SiO,.

These results were not presented here, however it is believed that they would have
behaved the same as the ones for D' on B,C/Si0,. The results of the D™ on B4C/SiO,.
especially the ones of deuterons on boron targets seemed to be the same as the ones of
deuterons on boren nuclei in boric acid. Thus this would have been like the repetition

of the *He” on the carbon foil and boric acid, so they were not included.
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Chapter 5

Conclusion and discussions

The aim of this study was to measure nuclear reaction cross sections of light ions
(specifically deuterons and helium-3 particles) on boron and carbon isotopes in the 1.8
— 2.8 MeV incident energy range at 135° and 150° scattering angles. This was
partially achieved by calculating the number of detected counts for the above
mentioned nuclear reactions at the above mentioned incident energy range and

scattering angles.

The way used to solve this problem was to backscatter some deuterons from the
surface of an oxvgen surface contaminated carbon foil at the required incident energy
range and scattering angles. However the method failed due to some peak pile-ups
(since no filtering method was used), which created uncertainties in the number of
counts gotien for the backscattered deuterons. The uncertainties brought about
variations in the correct factor used to normalize the theoretical RBS work and the
experimental one. The correction factor was expected to be the same for the deuterons
and “He™ backscattered from '°C and 'O on the surface, however different factors
were obtained. This factor was then going to be used to muhiply the collected data of

nomalized counts to give nuclear reaction ¢ross sections data.

The other method that could have been tried was calculating the mass fractions of
elements on the target sample. Since the normalized counts data would have been
normalized to some literature cross sections data. then the mass fractions would be
used to divide the normalization factors. This would to give one correction factor
be used to calculate cross sections for all the reactions measurements. This method
was rendered by the composition of the surface of the oxveen surface contaminated

carbon foil, which was not known.

Measuring of number of detected counts or cross sections in larger incident energy

steps makes it a bit difficult to have confidence in the results. This is caused by the
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smaller incident energy steps of the available cross sections data, which bring about
uncertainties of the missing data between the energy steps.

It is recommended that a gas cell AE proportional counter is used for particle
identification. Another technique that would be very useful for distinguishing emitted

particles is pulse shape analysis.

The second method of finding the composition of the target could not be implemented

since the composition of the oxygen surface contaminated carbon foil is not known.

To avoid missing some data in the number of detected counts or cross sections
measurements at some data poimts, smaller incident energy steps should be

considered.

This study has shown that larger scattering angles can give better cross sections or
detected counts at lower incident energies. This was seen when very low numbers of
detected counts were observed at 135° compared to at 150° in most reactions. And this

led 1o some of the 135° measurements exclusion because of their poor statistics.
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Appendix A

Statistics of radiation events.

Since there are always uncertainties associated with experimental measurements, it
becomes very important to do statistical calculations for reduction of uncertainties and

10 have contfidence in the measurements.

According to statistics of radiation events, the standard deviation in number of

detected counts is calculated using:

Where Qyq is the number of detected particles.
Then the error is calculated from the standard deviation depending on the level of
confidence used. For instance for 68.0% level of confidence, etror = g, for 95.0%

level of confidence error =26 and for 99.7% level of confidence error =3a.

JQ.

% error is then calculated by: a-(-)- = 100% [htt04).

4
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Appendix B

_
E(MeV) | almb) Etveyy | o(mb)
1.8 28.2 1.624 037
1.82 . 248 4.648 .4
1.84 229 1673 1.2
1.86 23.5 1.698 34
1.88 27.7 1.723 57
1.9 34.5 1.749 56
1.82 30.4 1.773 5.2
1.94 33 1.79% 49
1.56 ans 1.824 59
1.98 313 1.84% 5.1
2 35.4 1.8374 3.2
2.02 35 1.88% 2.1
2.04 35.8 1.924 1.6
2.06 34.4 1.845 1.1
2.08 34.9 1.874 1.4
2.1 34.9 1.29¢ 12
212 33.3
214 32.1 B
2.16 325
218 32.4
2.2 31
2.22 311
2.24 331
2.26 29.2
228 | 2.2
23 27
2.32 24.9
2.34 232
2.36 221
2.38 20.7
24 19.6
242 19.4
2.44 18,9
2.48 18.8
2.48 19.3
25 25.4
2.52 18.4
2.54 17.3
256 16.8
2.53 16.5
28 16.7
2.62 171
2684 7.7
2.66 14.5
2.68 20.5
27 221
272 ! 19.9
274 | 17.1
276 15.4 A
2.78 15.8
28 | 77t

Table 4 and B data collected by Debras for the “Cid paPC reaction ar 135 "[Deb77]. B data found by
Koldoris for the "Cid, p.)"C [Kok06] resepectively ’ i
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E(MeV) a(mb)
1.808 4.483

1.825 5.385 |
1.848 5.593
1.877 6.109
1,88 7.337
1.911 9178
E(Mey) | o(mb) 1.924 10.51
1.808 1.61 1.951 13.98
1.831 1.68 1.964 16.64
1.853 158 1.987 19.5
1.879 1.74 2.011 22,57
1.9 17 2044 26.86
1,947 1.8 2.081 30.95
1.989 1.73 2.102 32.38
2038 1.81 2123 31.06
2.079 1.83 2133 29.63
2.106 1.95 2,144 28.51
2127 212 2155 24 64
2144 2.23 218 226
2165 25 2,201 20.56
219 2.51 2222 18.42
2209 273 2.244 15.16
2.23 2.81 i 2.258 1272
2256 273 2.282 10.89
2.279 24 2283 8.845
2.302 212 2311 7.318
2279 2 2342 8.039

2,322 1.74 2.366 8.758 |

235 174 2383 | 7.435 |
2.399 1.49 2.407% 5.601
2442 1.74 2.408 4.582
2 486 203 2.429 479
2531 2.18 2.453 4.693
2578 2.28 247 5.810
7623 21 2487 7.149
2.673 2.1 2.514 7.451
2721 1.81 2538 7.976
3768 177 2562 5.001
2813 184 2568 7.742
2.557 7.477
2617 8.4

C 2.64 | 12.9 |

! 2861 | 11.88 |

L 2692 | 1168 |

27051 1025 |

2727 11.48 ]‘
2734 12

2741 1271
2761 | 13.43
2785 13.93

2,795 14.15 D

Table C and D cross section data collected by Debras for the " Ofd. p,)'" 0 and "Oid pi' O reacrion ar 135°
respectively [Deb77].
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E (,Me V) G(Mb) E (Me V) O'(mb) E (Me V) cr(mb)
17741 008 1.772 0.062 1.777 0.14
1.878 .17 1.879 0.144 1.886 0.24
1.857 e.15 1,963 0.217 1.951 0.34
2.039 0.25 2.037 0414 2 048
2038 043 2088 |  0.d7¢ 2045 0.65
2152 0.43 2142 0.798 2.096 0.98
2.194 0.55 2.187 0.914 i 2,155 1.25
2232 0.49 2.227 1,475 2,198 1.25
2272 083 2.255 2.37 2.216 1.49

231 0.92 2.208 2.575 2,245 1.71
2.356 1.13 2.34 3.706 L 2274 2.14
2393 1.49 2376 3.787 L 2.285 2.61
2.432 1.74 2.423 3.696 2.331 2.93
2473 2.02 2.481 2.28 2.368 a2
2513 2.3 2525 | 2642 2 465 246
2551 2g 2573 ] 2.282 2 509 2.03
2 596 247 2618 2.322 2.55 1.57
2641 216 2.665 1.999 2.543 1.26
681 204 2.715 1.927 2.631 0.94
2721 204 2755 2.035 2.692 0.5
2769 4.13 2,809 1.54 2.733 0.43
2 823 3.87

F ¥ G

Table E, F and G cross section data collected by Kuan et al. for the “CPHe, py"C . "Cr'He. pp”°C and "CPHe.
p)7C reaction at 135" respectively [Kua64].
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Appendix C
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Figure 1: Energy level schemes diagram of "B [4JZ88].
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