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Nuclear reaction analysis cross-sections measurements for

Boron and Carbon.

Senzo Simo Miya

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 Neesa. Deuteron-Induced and 'He-induced reactions were performed at the

4 MV Van de Graaff accelerator at detection angles of El = ISO' and 135' 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 material 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-I research reactor.
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Chapter 1

Background and Introduction

Elements like carbon, boron, nitrogen and hydrogen can be used in the surface

treatment of steels, polymers and glasses since they are lig:,t elements, Surface

treatment can be coatings, protective or decorative; this can be done using different

techniques such as ion be~ 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 be~ analysis,

especially Rutherford backscanering spectroscopy (RES) and nuclear reaction

analysis (N'RA).

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 fill some of the gaps of missing cross sections data

for boron 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 1350 and 1500 scattering angles in the 1.8 -2.8 ~vleV incident

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 anal~ysis and its anaI:1ical techniques such as nuclear reaction analysis it

also gives the basic definition of a 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 [httO1]. 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 naturally occurring

isotopes being lOB and "B. Boron exists as 19.9% "'B and 80.1 % 11 B. All the other

seven boron isotopes have very 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 lOB isotope is a very good neutron absorber so it is used for neutron shielding in

nuclear reactors [hn02].

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. It 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

naturally occurs as 98.93% "c isotope and 1.07% "c isotope while the l"C

sometimes also occurs due to cosmic rays. It has been regarded as the sLxth most

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

1. R2QCrion cross-secrion is rhe measure a/,ht:' probabi/ilY or"a reGCIIOn [:J ocellr
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Amorphous Carbon is artificially produced by incomplete burning 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 [httm].

Diamond is one of the hardest substances known; it is the third occurring form of

Carbon. This form of Carbon is rypically used for jewellery. Diamond tipped saw

blades are made from squeezing graphite under high temperatures and pressures for

several days or weeks [htt03].

Graphite is very soft to the touch so it is primarily used as a lubricant. This form of

carbon occurs naturally but treating petroleum coke, in an oxygen-free oven, can also

artificially produce it. The natural form occurs in two forms. which are alpha and beta.

with 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 [www08].

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 ofthe elements constituting the sample material [wwwO I].
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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. El) and Vu is the energy and velocity of an

incident particle before collision, Ej and Vi is the energy and velocity after collision. a is the

impact parameter then () is the angle ofscattering [Bir89I

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 at both atomic and nuclear level is called ion beam analysis (IBA)

[Bir89].

The basic principle ofIBA 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 to

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 tatget sample (nuclear stopping).

The collisions leading to interactions are divided into two groups at nuclear leveL

which are nuclear elastic collisions and nuclear inelastic collisions. Nuclear elastic

collisions are the ones that leave reaction products at the same state as reactants. In

nuclear inelastic collisions. the reaction products are left at a state different from the

one ofthe reactants (an excited state) [Bir89].



Ions undergo rwo 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

interactions that involve sputtering, inner shell ionisation or nuclear reactions. atomic

displacements and large angle scanering. 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 scanering, 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

information 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 [Bir89]. Another process rhat is a consequence of minor interactions is

secondary electron emission, which goes with sample irradiarion. Secondary electron

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

Energy loss

In methods of marerial analysis using charged atomic particle beams, knowledge of

the slowing down of ions in traversing maner is of fundamental importance. Depth

perception comes directly after the energy lost by the probing particles and both

quantitative and compositional analysis are affected by the energy loss. There are

some parameters, which are dependant on energy loss processes such as stopping

cross section or SlOpping power, straggling and multiple scanering. range and path

length [Tes95].

Energ:' loss phenomenon involves many kinds of interactions between projectile

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

5



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

illustration of energy loss [Tes95].

Transmitted
Particles

Eo-M:

4Nt - - ..... •

Z2
M2

Incident
Particles

Figure 1.2: A schematic diagram showing how the beam loses energy as iT traverses a sample.

Z/ and M[ are Qtomic number and mass Df the incident beam, Z:: and i"f1 are target atomic

number and mass. 11£ is the energy lost and ~y is the target thickness corresponding to the

areal density, Nt [Tes95].

This can be mathematically presented
M

bv-'
~ ~y ,

its units are eV/11 m.
M dE
- --->-
~" d"

When~" ---> O. with dE often-called stopping power or specific energy loss. which is
d"

sometimes denoted with S . In the literature. energy loss is sometimes denoted by M .

Th · .. b' ( I ) dE I dE h " de stoppmg cross-sectIOn gIven y G = ---; (-) or G = (-)(-), were ., an p
lv d" p d"

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

per cubic centimetre. Sometimes G is also called a stopping power [Tes95].

Energy loss models

These models state that the relative importance of the interaction processes between

the ion and the target medium are more dependent on the ion velocity and on the ion

and target atoms charges. The ions carry their electrons and tend to be neutralised by

electron capture at ion velocities lower than the Bohr velocity. Vo. of the atomic

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

loss decreases as ~ \\"hen the ion velocirv Increases.
E -
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At ion velocities higher than the Bohr velocity, the ion charge increases until all its

electrons are stripped off. Then at a cenain velocity, the energy loss will be

proponional to the square of ion charge. This is better shown by the Betha Bloch

formula:

where f(li) is a function depending only on the target material, e is the charge of
m,

an electron, then Zl and Z2 are the atomic numbers ofthe target and projectile panicles

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 !lE to depth scale

and isotopes [Tes95].

1. Units

The mass of the projectile ion M1 and the mass of the target M2 are convened into

atomic mass units (amu) [Tes95].

11. lov,· vs. high energy

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

(E) _ 8.462Z,Z,SJE,) eV/
[; - (M, -;- M:XZ~" +Z~") / I0" atoms ... (1.2)

Where E, is the reduced energy and SJE') is the reduced nuclear stopping.

E, ... (1.3a)

Then for E. <: 30ke V S" becomes:
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In(1 + 1.1.1383E,)
... (Ub)

for E, > 30keV:

E, in Equation (1.3a) is evaluated then equation (1.3b) is selected for Sn(E,) then

used in equation (1.2) to compute the nuclear cross section "JE) at an energy E. The

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

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.

... (lA)

where y is the fractional effective charge, given bv'l ~ z, (\".Z,)/( . with" /Z, v.Z:J

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:

where CH denotes the proton stopping cross section. The high ion energy" at the same

energy is given by: EH1 ~ (m~H}EH and the higher the ion energy means the

closerthe fractional effective charge to I [Tes95].

lV. Elemental targets vs. compounds and mixtures.

If an assumption that the interaction process bet\veen ions and target elements are

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

8



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

compound AmEn the Bragg's rule for the stopping cross section c'w (acme/at) for the

compound can be \Hinen as c'w = mcA +ncB where m + n = I [Tes95].

v. Stopping and M to depth scale.

In this conversion method the energy loss of ':: or the stopping cross section is used

to relate the energy M lost by the probing ions to the thickness penetrated in the

material. This calculation involves solving integrals of the form;

... (1.5)

With the former giving M when the depth dependence of stopping is assumed, the

laner the depth scale x for a given energy interval M = E - Eo .

':: Alternatively, cmay be evaluated either at ion surface energy Eo 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 targets the surface energy approximation yields

!:ill = dE (E0)!~x or !:ill = c(EclNt , which may also be used for obtaining the mean
d~

energy E.r.. = E" - MIi for the mean energy approximation. which then gives

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

each of the slabs, i.e. the energy lost in the ith slab M, and the total M in the target

dE· .
is calculated as; M = _C- (E, -I ),~x, or

dY,

... (1.6)
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dE
Where ,,(E, -I) and dx (E, -I) are the stopping cross section and energy loss

evaluated atthe energy of the (i -l)th slab ion [Tes95].

vi. Isotopes

This conversion coefficient method uses the idea that electronic stopping for a given

ion x with atomic number ZI at an energy%is the same no maner what the ion mass

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

stopping of I MeV I W ions.

In the target medium only with an average mass, M" different from the natural

composition for isotopic compositions, an approximation for the stopping

[MeVcm'!~g] is made by:

Stopping (medium [M", Z, ]) = Stopping (medium [M", Z,]). (Mav! M',,)

where Mav is a parameter denoting the average mass of a medium mass of the natural

isotopic composition [Tes95].

Straggling

This is due to 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 [Tes95].

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

[Tes95].

10



1. 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

.,. (1.7)

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

Q~[keV'] ~ 0,26Z,2Z2Nt~018%m,J ... (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 250/0. In some regions where

energy loss is dominated by electronic excitations, in the limits of high ion velocity

the straggling becomes independent of projectile velociry [Tes95].

ii. Corrections to Bohr's theory (other models)

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

by some other authors (Z, < Z,), and then they came up with this correction for low

velocities below Elke V/ j~ 75Z.r / amu -

Q ' J0.5L(x) torE < 75L tkeV/ )- - - \ / amu,

Q~ ~ l LforE 2:75L(ke%m)
... (1.9)

L(x) ~ 1.36x' - 0.0 16x'

x ~ E1keV/ ji(25Z.)t / (Imu - [Tes95].

Ill. Compound and mixtures

An approach similar to the one used for conversion method_ elemental targets vs.

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

7 This is thi sor€adina o(beam ener5!"," as rhe beam rral"f?rses mUller.•rhi!2 il slows doh'i1.
, C' • _. 1i



compound of composition AmBn for m+ n~ I with an atom density

NAB (alom;;:m3 Jand atomic densities N, and NB' If an assumption is made that

straggling for the elements are Q' and QE in a layer of thickness t. Straggling in the

layer of the compound is given by.

iv. Additivity of energy loss fluctuations

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

contributions are the system reso!ution,nDel , energy straggling, Q S1r and beam

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

of these contributions.

... (1.12)

This is also done for contributions to energy loss fluctuation resulting from multi­

layered targets. The total variance of energy loss fluctuation is given by:

Where A and B denote successive layers in a medium, which are penetrated by IOns.

In target thickness with a variance "', the distribution is directly proportional to the

energy loss fluctuation this is shown by:

[Tes95].

Ranges

The total distance ions traverse along the trajectory is the range along the path. The

proj ected range can be defined as the mean depth at which ions come to a halt from

the target surface. Range straggling is the width of the ions" range distribtrtion: range

distribution is characterized by higher moments such as skewness and kurtosis

[Tes95].
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Calculations and simulations

The range distribution calculation in tange lbeoty is regarded as a ttansport problem

describing lbe motion of lbe ions during lbeir 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

tanges. Rp in lbe low energy region where nuclear stopping dominates. These

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

R =0.275N[1O'-'atlcm3 }I1,M2

'( ).( 0" 0·"1M,+M, - Z, ~+Z2-
.. , (1.l3)

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

R, = 1.63E,2
3

R, = 2.2E,

10rO.01 < E, < 0.3

lorO.3 < Er < 6
... (1.14)

At the higher reduced energy region Rp is given by:

Rp [nm] n(A1, +M, Z,023 +Z~2] )xE[kev]
.r 22at/ZZ.,,11,:\ 10· 3"'- (cm

lorO.3 < E. < 6 '" (1.14)

The simulation approach's basis IS molecular dynamic or binaty collision

approximation (BCA) calculations [Tes95].

Range in compounds

There are two techniques using the corresponding ranges in element materials,

a. Avetaging 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

E;.;i' = mE.~~ + nE: and R;-ili = mR,-,~ + nR: where m + n = 1

b. Finding the tange of the ion in a target that has an atomic number equal to the

awrage of the atomic number in compound [Tes95].
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[Tes95]

ii. Isotopic effects

The mass number ratio is used to scale tbe range for different isotopes of ions :'x at.,

energies E/A: Range (i:x)= Range(i~x).(~)

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

tbe range is approximated from:

Range(medium[Mm' •z,D = Range(medium[Mm',' z,D· (M';{fJ

1.2.2 Major Interactions

Major interactions can be described as those determined by the emitted products

panicles used to 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 sputtered

ions, which occur only occasionally. The major processes for high-energy interactions

regime are elastic scattering, nuclear reactions and inner shell ionisation. High-energy

techniques are based on the use of light ions (A<5) whereas low energy uses medium

to high atomic weight (A> 10) [Bir89].

Low energy interactions

i. Low energy ion scattering (LEIS) is whereby elastic scattering of

ions is used at energies less than 10 keV. The scattered ions'

enenn.: is Given by:b. b •

... (Ll5)

Where M[ and M, are atomic mass numbers of the incident panicle
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and target atom, Ein~. is the incident energy and e is the scattering

angle. The term in brackets can be referred to as K, the kinematic

factor.

11. Ion beam modification 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-energ)' interactions

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

detection analysis (ERDA). particle induced x-ray emission (PIXE) and nuclear

reactions.

1. Rutherford or coulomb scattering: Rutherford backscanering

spectrometry (RBS) is used for sample analysis. The energy of

a scattered ion is given by equation (l.l5).

ii. Elastic recoil analysis (E~.o\) 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.

111. Inner shell ionisation: this technique is given rise by ion collisions

with small impact parameters which result in emission of electrons

from the shell of aroms.

Nuclear reactions are used for sample analysis then the technique is called nuclear

reaction analysis IN~.o\) [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 very useful tool for light elements depth profiling on heavy

matrix [DeI05]. They are specifically more important in the profiling of deuterium in

polymers [www02].

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;,= I I

M(a' +.4 3
)

... (1.16)

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:

E= zZ

[a' +.4']

... (1.16 b)

Where z and Z denote the atomic num ber of the incident and target particle

respectively. The capital A and small letter a, denote the atomic mass of the incident

and target particle respectively [Bir89].

Equation (1.I6b) 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

to occur. This makes 'N'R" to be more suitable for low Z target reactions.

The laws of conservation of charge. energy. momentum. govern nuclear reactions and

nucleons number (atomic mass number). Ho\vever. the law of conservation of energy

is the one that plays a major role in materials analysis, which will be discussed in

details under NRA kinematics.
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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 c is the speed of

light. which is equal to 931.4 MeV for a 1 amu. For a reaction: X + a --> Y + b, a

schematic diagram for this nuclear reaction is shown in figure 1.3, the total energy of

the reaction can be determined from:

... (1.17)

where Ereact'i is the energy of reactants, which is for the above given by:

Eproducrs is the energy of products. which is for the above reaction given by:

" E - (M + M ). c' and Q,..I .... is the amount of energy released or absorbedL prvJliI::ts ~ -I- - 3 _ ~u, _

by the reaction depending on its sign.

A positiveQn'fu,: means the nuclear reaction releases energy whereas a negative value

means absorbed energy. This value is always zero for RBS since RBS is under elastic

scattering meaning the reactants and the products are in the same state. The Q'-(l!/1f:

differs for each state of the nucleus. for instance the reaclions leaving the residual

nuclei in the first excited states have much higher Q,ui"" than lhe ones leaving nuclei

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

1.3.
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b

Figure 1.3: schematic diagram shmring scattering ofparticles in nuclear reactions with a
being the projectile, b the scatteredparticle, X is the target and Y the recoiling nucleus.

For the scattering geometry shown in Fig. 1.5, the law of conservation of energy states

that the total energy should be as given by:

£, +£2 =£3 +£,-Q ... (1.18)

in the above equation E, is the kinetic energy of the incident particles, El is the kinetic

energy of the target, which is 0 since the target is stationary, E] is the kinetic energy of

the emitted particle, E4 is the kinetic energy of the residual nucleus And Q is the

Then the law of conservation of momentum gives:

Momentum along x-axis:

Momentum along y-axis:

0= rn] "3 sin e.;- rn,", sin q>

To eliminate <D (1.19al- (1.19bl

... (1.19)

... (1.l9b)

m, \:2 - 2m:l';ln,l'. cos8 + m3 21':': = 111", \,~ cos 2 r/J
- -. --

This gives:

m,':v
2

-2m,V;l1Z
3

l'3 cose+m~:l',: =m.:.:v~:

18
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It is known that:

p' m'v'
E=-=--

2m 2m

Substituting m'v' = 2mE into (1.19c)

Making E, the subject of (4)

m,

From Eq. (I):

Then

E,(m, +m,)-~mlm,E, coslJ.jE; -[E,(m, -m,)+m,Q]=O

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

-b±~b' -4ac
X=

2a

I ]..jm,m,E,cos'IJ+(m, +m,~E(m, -m,)+m,Q

(m, +mJ

E, = ( 1.20)

The ± sign in Eq. 1.20 is positive for all iYh> M,. In the above equation, the effect

of m::. only comes through the Qvalu('
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Abilities of NRA

What makes this technique more special than any other IBA analytical 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 detennination 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 used to analyse more than one light element in near surface

layers of materials at once.

These features have earned NRA an establishment 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

spectroscopy (RES) [Tes95]. These techniques (NRA and RBS) are both governed by

kinematics equations and their scattering geometry is the same, Figure 1.3 sho\vs the

scattering geometry of NRA or RBS. An incident beam of energy Eo and mass M1

penetrates a target of thickness t and mass M2 to a depth of L'l.x, and then the scattered

beam has energy El for RBS given by:

El ~ ITI (1.21)

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 ofM] M2 and 6. K is shown

in equation (1.15). The RES cross section is given by:
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jHlM;G}"'J']' HOOej'
1

[1-((MfGJsme)7
... (1.22)

where Z1 and Z2 are the atomic numbers of the projectile and the target. e is the charge

of an elecrron mcoulombs, Eo is the pennittivity of free space.

l'I'RA's Equipment

The equipment used in NRA and RES is the same; it includes an accelerator up to 4

MeV energy, high vacuum, 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 particles' energy.

Lower cross sections compared to the RES.

• The possibility ofmore than one reaction on a certain nucleus that can

result in different particles.

• High resolution depth profiling allowed by relatively narrow resonances.

• The possible generation of neutrons especially by deuteron-induced

reactions [Tes95].

l'I'RA's Geometry and rdtering of unwanted particles,

It has been previously discussed that the scanerillg geometry for the NRA and RES is

the same, but there is one exception in NRA. that is some filtering material has to be

placed in front of the detecwr. This is shoml in figure lA
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Figure 1.4: A Schematic diagram illustrating the scattering geometry llsed for I'iRA and RES

experimems. Eo Is the energy of the incident beam, E in (x) is the incident pm1icIe at depth x, Q,-aluJs

the energy released by the reaction, £(£;'1 (x~ Q, e) is the energy ofthe reaction product in the sample

at depth x. E UW (x) is the energy ofthe reaction product, E ub
; (x) is the energy ofthe product pal1icies

cifter penetrating the absorber/oil. al/lAnduuUl are the angles 0.fthe incident beam and a/the detector

and 8 is the scattering angle [Bir89].

The energy of scattered particle can be given by:

... (1.23)

... (l.23b)

Where x denotes the depth at which the reaction occurs. E0 is the incident beam

energy, Sin(E) and 5,,11/(£) are stopping power of the incoming and outgoing

particles, ai/j anda
uiII

are incident beam and detector angles respectively, with E2

being the reaction product energy and 8 is the angle of scattering [Tes95].

To filter unwanted panicles five methods can be used; these are the time of flight

(TOf). absorber foil, electrostatic or magnetic deflection, thin detector and

coincidence techniques [Tes95].



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:

X4b.'

E ub, (x) = Eou,(x) - fSub, (E)d" ... (1.24)

Where X,b, is the thickness of the absorber foil, and S'b' (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 [Tes95].

b. Electrostatic or magnetic deflection technique

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 rarely used [Tes95].

c. Time of flight (TOF) technique

This method is used to distinguish between the particles generated simultaneously: it

is based on the simultaneous measurement of the detector particles' velocity and

energy from which rhe mass of the particle can be calculated. The velociry 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 technique 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

spectrum containing more information than the proton spectrum. The opposite of this

is the absorber foil technique used to filter out alpha particles. 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 loss 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 particle that cannot be

reachable for the other detector can be detected on the other detector: this is due to the

coincidence requirement.

Coincidence technique's disadvantage is it is limited to transmission geometries due

to the conservation of momentum [Tes95].

Nuclear reaction cross section

In the present researcIL NR..\ 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 occur, denoted by IT. in bams

(l b = lO'''m2
). This can mathematically be presented by:

P = mix ... (1.25)



Where P is the probability of a reaction to occur, dx is the real density of an atom in

gicm' [Tes95].The cross section can be measured using the equation:

A = "cQ_Q-c-aM_t
... (1.26)

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 Nt is the number of nuclei per cm'

[Tes95]. For targets that are not tilted, the denominator becomes I, and then Equation

(1.26) can sometimes be also written as follows:

Qd =Qm,·-(j'-Q-Nt

where Qd 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 determined in thin layers independently of the

concentration profile and of the othertarget's components provided the cross section

of a given nucleus changes slowly with energy near the incident beam energy. The

number of counts in the peak area, A from the thin layer can be calculated from

Equation (1.26)_

If Ci (E) " Ci (Eo) for Eo > E > E - LiE. where Eo is the incident beam energy and LiE is

the energy las!.

If all the quantities in the above equation are known the absolute value of nuclei per

cm' can be easy to calculate. Since A depends on the number of nuclei per cm' in

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

XI A
... (L27)



Then the accuracy of the measurement is determined by measurement statistics and

accuracy of a standatd [Tes95].

b. Non resonant depth profiling

The peaks of resolution products become wider as the thickness of the sample 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, ill< can be calculated

using:

Where M J is the detector resolution, M'y is the geometrical energy spread,Mm.\.

the energy from the multiple scattering, M oh., is the absorber foil energy straggling.

rr;n and O"Ol/1 are the Bohr straggling for the reaction product, and El and E~ are

incident ion and reaction product energies in depth x [Tes95].

c. Resonant depth profiling.

The absorber foil reduces the depth resolution of the l'iRA, and this shows that

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

scale can be gi,,'en by:

x
S(E~,)

cos a",

... (1.29)

\Vhere EW()nU;K~ is the resonance energy, E<.n', is the average energ: approximation

given by: Ei.Jl'~ = (E,:, - Er:-"Jn,;in~c') 2 and it can be used to calculate the energy loss

integraL as the energy change is smalL Then the depth resolution is given by:
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~ .Y- ~ ~r- +---()SI- +t!Ebeam -

COSU in

cosaill

... (1.30)

Where r is the resonance width, Ci"" is the incident particle Bohr straggling, L'>E is

the incident beam energy spread. The above equation shows clearly that if the sample

is tilted the better the resolution is. but as the beam penetrates deeper, the energy

straggling increases so that the resolution becomes the same as of an un-tilted sample

[Tes95].

Usage of standards

Since there is uncertainty in the ca!culation 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 ion

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:

• 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 reproducible.

• Dead time and pile-up rejection should be accurate.

The measurements of unknown sample and a standard sample must be performed

under the same conditions. for instance the solid angle. absorber. incident energy or

the uncertainty of the current measurement. Then the number of the measured nuclei

in the unknown sample can be given by:
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.... (1.31)

Where And Ace' are the peak areas in the spectra, Q,_ and Q/,r are the total collected

charges and NI and NI"f are the number of nuclei per cm' for the unknown sample

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 compositionA,B" composed of

A and B elements where x and y are the atomic fractions of A and B respectively. If

the amount of element A in the unknown is to be measured, a standard containing

element A is chosen. Suppose the standard is composed of element A and element C

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

samples, in the unknown, H.{" and in the standard, HA. K is given by:

H_{ L ... (1.32)

... (1.32 b)

V/here er, {EJ is the nuclear reaction cross section for element A. leL","'" and

[ 1 K
E: {,,, are nuclear reaction cross section factors for element A in the standard and

the unknown respectively, Q. E: and Q are total collected charge. energy per channel

and solid angle respectively. Then making uJEJ in (1.32b) the subject of the

equation then substituting into (1.32) gives:

... (1.33)

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

factor:
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QKQKGK Z

Q,QC'Gu
1... (1.34) [Tes95].

1.3 Thesis outline

Chapter one has been introducing 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.

• Research design and methodology, which is the way III which data is

collected, analysed and presented is in chapter 3.

• Chapter 4 presents results and discussions.

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

are drawn or presented from the preceding chapter.
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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 analytical technique this chapter is

going to be looking at works done not necessarily at 1500 or 1350 (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 l2e, l3e, lOB and liB.

In most cases light elements 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 element at

a time [Ter97].

Deuteron induced. proton-producing reactions. (d, p) are the ones that are often used

to perform depth profiling of light elements in solids [JuI05]. Cross-sections of these

deuteron-induced reactions are higher than those of 'He induced reactions at the same

energy. Even though 'He particle induced reactions have lower cross sections but they

are more sensitive to the linear surface. The more sensitivity of the 'He particle

induced reactions is due to the higher stopping power for 'He than for deuterons at the

same energy. It is therefore advisable to increase 'He particles' incident energy when

depth profiling nitrogen and some other light elements since cross sections for the

reactions induced by 2.4 MeV 'He particles on nitrogen are too 10\\ [Ter97]
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Carbon analysis

Carbon depth profiling and quantitative analysis are normally performed using non­

resonant nuclear reaction analysis induced by deuterons. Sometimes the 3He induced

reactions alternatively 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 12C(d, pol3C and

13C(d, PO)14C reactions with protons emined at very different energies were used to

depth profiling both 12C and I3C simultaneously. In this depth profiling performance it

was observed that the 12C(d, po)'3C reactions' cross-section was 10 times less than for

13C(d. PO)14C, this showed the importance of well chosen detection geometry in order

to depth profile 12C and l3C with a high sensitivity and good resolution [JuI05].

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 backscanered deuterons. It was concluded

that for oxygen to be precisely measured, the cross-section of l3C (d.uo)"B nuclear

reaction must be measured fot incident particles of energy less than I MeV [Ju105].

The nucleat reaction 12C(d. Po)l3C shows to be one of the very important reactions for

low concentration determination and depth profiling of Carbon in heavy matrices if

thete are some other light elements or not. In another study Kokkoris et a1. measured

the differential cross sections of the above reaction at incident energies between 900­

1000 keV in steps of15 keV at a scattering angle range of 1350
- 170° in steps of 5°.

the target used in this work was a self supported natural Carbon foil of99.9% purity

and I x 10" atom/cm2thickness. The results of this work were compared to the

releyant data that had already existed in literature and they showed to be in good

agreement [Kok06]. The results were then presented in plots of cross sections vs.

incident particles energies. figure 2.1 sho\\"5 a plot of nuclear reaction cross section YS.
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incident beam energy at a scattering angle of 150° Kok06].
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Figure 2.1: A graph ofcross section \'5. incident beam energy/or J2c (d, po) He [Kok06].

In another experiment Terwagne et al. measured the cross-section of 12C(3He, p,)'''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 12e('He, p,)14N reaction (for i = I. 2). the
P' Il 12"-P-eCHe, ao) 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 panicles 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 reaction

where the first proton was scattered.
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Boron Analysis.

It has been many years since the study of boron depth protiling by "S(P. a)'Se in

semiconductors begun. During this study a number of approaches based on the above

reaction have been discovered. These are: protlling by spectrum fitting at broad

resonance at 660 keV, energy analysis at 262 !\.1eV and by IO\\' energy resonance at

160keV [Jia02].

]\'RA has shown to be more useful if the " S (p. a.fSe nuclear reaction is used by

offering the advantage of an isolated a peak above the energy of the incident protons

and a higher cross-section. In addition even though the depth resolution is very

limited. some information about the distribution can be obtained [May98].
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The reaction induced by protons on a IIB target has four exit channels.

(I) lIB ' PC' , 8B ' '+,op III III CLo' e .. UO,UOl Cl.o2

II I" ,. III 8" III(Il) B + P • "C al + Be al + all + a12

(Ill) liB + P • 12C' • a, + a3 + a"

(IV) "B + P • 12C' • 12C + Y

In channels (I) and (Il) the 'Be' nucleus splits into two alpha particles aOI and ao!, and

a" and al2 with energy released being 8.583 MeV. 'Be' nucleus is in the iirst excited

state in channel (Il) thus when it splits into 2 alpha particles all and al2 it releases a

5.683 MeV energy. With channel (IV) having a total cross section of 10Ilb in the

energy range 2.0 - 2.7 MeV [May98].

Mayer et al measured a cross section of " B(p, a)8Be and "B(p, p)"S nuclear reaction

at a scanering 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 backscanered from a thin gold layer. Then it was

concluded that the values obtained by different methods agreed at the same energy

within about 10% [May98].

McIntyre et al. used the reaction lOB(a. p)13C and "S(a. p)14C reactions to quantify

the boron content of multiplayer thin film used in X-ray optics applications. In

addition to this measured relative proton yield from the "'B(a. p)"C and !lB(a. p)"C

reactions at incident energies between lA and 3.3 iv1eV at an angle of 135°. A

comparison was made between "He backscanering and the B Ca. p) C reactions In

determining the boron content of thin tllms. panicularly Pd/B [Mcl92].

In the above-mentioned experiment a 5.5 MeV Van de GraatT accelerator was used to

obtain "He-ions. A large area surface barrier detector was added to a standard

backscanering set up to detect production particles. protons from the (a. PI reaction. il

was placed 40 mm from the target with a 0.3 sr solid angle. The Mylar foil was used

to SlOp backscanered alpha panicles. Then a mulli-channel analyzer and standard

nuclear eleclronics were used lO obtain proton spectra [\1cI92].
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In conclusion B(o., plC reaction method was found to be simpler for determining

boron content of thin films than the 4He backscattering method, it was found simpler

for both lOB and "B isotopes near 3.0 MeV incident energy. It was also found that

using the above method could result in simultaneous determination of the boron area

density from the observation of protons and the determination of the Pd or Ag area

density from observation of backscattered 4HeC particles [McI92].

Purser and Widenthal [Pur63] measured the angular distributions and differential

cross sections of the a particle groups leading to the ground and first excited states of

'Be over the deuteron energy range of 1.0 -1.8 MeV. The a particles were observed

from the reaction lOBed, a)8Be with solid state particle detectors and a 256-channel

analyzer. The differential cross sections were measured at 1560 in the laboratory

system. For the reaction channel leading to the ground state of 8Be, 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 to 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. Angular

distributions of the a particles leading to the ground and first excited states of 'Be

were measuted at five energies within 1.0 -1.8 MeV. Forward peaking was observed

with an energy dependant second maximum at approximately 115'. The table below

shows the values of cross sections obtained in the deuteron energy range of 1.0 - 1.8

MeV [Pur63].

lEd (MeV) I (J (mb)

I

I

1.0 7.':)

1.2
I

7.2

1.46 I 6.75

1.59 ! 9.2

, 7- :9.31. J.)

Table 2.1: A fable ofcross sections calculaTed by Purser er al. ar certain incidem energy values ranging

benreen 1.0 to 1. -5 Md' fPur637.



The results of this research seemed to indicate that, in the energy range studied, the

interaction radius of two a 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, a )'Be using three different improvements, self

supported liB 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, a) spectrum by backscattering protons to get a clean RBS

spectrum with a well separated RBS peak for liB by a -beam [Jia02].

In a high-resolution detector without front absorber improvement. a silicon surface

barrier detector was placed 70 mm away from the target center, the detector's energy

resolution was 14 keY. The detector without an absorber was to make sure that

a peaks are clean and separated in both (p,a) reaction and RBS nteasurement

[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 study 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 1350 and 150°. The abo\"e-mentioned work's incident energy is within the

required range, which is 1.8 - 2.8 'vleV. The type of detectors and facility that are
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going to 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 current

research's ions on targets of boron, carbon, silicon and oxygen is presented in Table

2.2.

Target Reaction Angle Qnlue °ma'X Eomax Energy Useful? I
(MeV) (mb/sr) (MeV) Range

i(keV)
'"B I (p, po)'"B 154' 0.000 1.3 2.98 1000-3530 Yes

I (p, a.o)' Be 90' 1.147 1.9 7 ~- 1300-2580 I Yes_.... )

I (p, al) 'Be I 90' 0.717 4.9 4.21 2660-7110 No
(d, a.o) 'Be ! 156' 17.818 0.43 1.62 980-1800 Yes i
(d, al) 'Be I 156" 14.918 5.8 1.62 980-1800 Yes
CHe,po)"C I 135" 19.694 0.91 3.30 1970-3980 I Yes

. CHe,pJl "C ! 1350 15.261 0.91 3.30 1970-3980 I Yes
(a. a.o)'"B i 170° 0.000 1.78 2.38 980-3980 Yes
(a., Po)'oC ! 1'" ~O 4.064 6.3 4.60 4000-5010 NoJ) !
(a, PI)'oC r-' -0 0.979 0.675 4.56 4000-5010 No IJ)

!
lIB (P. a.o)'Be 1540 8.586 4.4 2.50 310-4940 i Yes

1650 8.583 6.8 2.6 1690-2690 I Yes
I CHe.po)"C I 1350 13.185 0.26 4.2 I 1970-3980 i No i
1 (a. Po)" C : 1350 0.784 I 3.9 4.78 4000-5010 ! No I

! !I

'~C (P. Po)'"C 150' 10.000 5.75 1.738 1000-3500 I Yes I
(d. po) 'c 1.., ~O ! 2.722 9.1 1.28 900-7000 Yes IJ)

i I 140° i 2.722 9.5 1.28 I 900-~000 ! Yes,
! (d. PI) 1OC I 1450 ! -0.3677 3.18 1.45 900-7000 I Yes
I

I 1500 1-0.3677 13.3 1.45 900-2000 I YesI
,

I 170° , -0.3677 13.62 1.45 900-2000 I Yes !I

CHe.'He)LC 177.2° 0.000 ! 3.335 2.02 , 1960-2940' Yes
,
,

, CHe,Pl)HN I 159.4° I 2.467 I 5.0 2.9 I 1770-5390 Yes !
I CHe.po)"N 159.4' 10.834 19.8 4.4 ! 1960-2940 No [

0 , , - -177.2 i 0.8Jl 10.77 12.3) 11780-)390 Yes
I (a, a.orC 170.5° ! 0.000 I 1.3 I 4.25 11560-4980 No

!------.;,...'-"~c...:::_--+-''-'..:::=___+_I:::"::"::"::""_1 I I

! (d, Po)"C 150° I 5.952 14.4 11.375 1500-1650 . Yes

i (a. ad'C 165' 10.000 18.4 12.78 i 1980-3530 Yes
Table 1.2: Cse/id exisfing nuclear reactions data for [he lIndenaking ofstuciy. Ecrm" in [he table is lhe
energy al1t'hich the maximum cross section isfollnd. the column labeled "use/id?" refers [() 1rhl!tht!r [he
reactiun's incident energy is 1rithin rhe study's required range {).8 - 3.0 Jle V {ltl-I'1V09j.
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Target I Reaction Angle Qvalue umax Eamax Energy Useful?
(MeV) (mb/sr) (MeY) Range

(keY)
100 I (d, aot'N I 1350 3.11 1.28 1.0 820-2020 Yes

I 142.2" 3.11 1.21 1.0 790-1680 Yes

I 150" 3.11 1.0 1.0 700-1060 Yes
I (d, Po) 0 1350 1.919 l ' 2.65 700-1800 Yes_.J

I 142.2° 1.919 1.2 1.68 790-1700 Yes
I 150" 1.919 1.90 1.68 700-1800 YesI

I (d, pJluO 1'" _0 1.048 3.4 2.1 510-2970 YesJ)

! 142.2" 1.046 1.36 1.38 790-1700 Yes

I 145" 1.047 0.95 0.96 760-950 Yes

I I 150" 1.046 1.046 1.33 700-1800 Yes
I ('He, ao) '0 90" 4.914 3.4 2.4 1590-2590 Yes
i (a, ao)'"O 150" 0.000 8.7 3.03 2950-3050 1 Yes
I (P. Po)'UO 149.5" 0.000 6.2 2.77 248-2810 Yes

I
"0 I (p, ao)'~ i 144' 3.980 1.0 1.765 1730-1770 i Yes

I 155" 3.980 1.45 1.761 169-1770 YesI

! 165" 3.980 8.0 1.780 ,920-2060 Yes
I (d. ao)'"N 165" 4.247 2.2 1.920 830-1000 I Yes
I (d. alJ"N I 165" 4.117 1.45 1.75 810-1990 Yes
! (d. az)'"N I 165" 3.942 1.15 1.68 840-2010 Yes
! (<L (3) uN 165' 3.845 0.72 1.76 840-1000 Yes

I
'OSi I (d, Po)' Si 150" 6.249 1.28 1.93 1040-2100 Yes I

I (d, Pl)"'Si 150" 4.972 12.48 1.15 1040-2100 Yes I
I I !

I'latura.tSi I (P.pe)"nrrlliSi ! 160" 0.000 12.175 1.69 1530-'130 I Yes I
I (a,ao)"llillilliSi 150' 0.000 1.29 3.89 2490-4920 ! No I

Table 2.3: l'V'uclear reactions data/or a-.:ygen and silicon l!t'ithin the study's required range of0.8 - 3.0 Ale V
[m"'09].

To reduce uncertainties in our measurements we will compare them with data taken
from the literature and standards of 160 measurements. which are the standards for
which we are having enough data in our nuclear data library especially at the angles
150" and 135".

38



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. ion source. ion beams, target chamber or scattering

chamber, targets, solid state detectors, preamplifiers, linear amplifiers, standard

nuclear electronics 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

overvie\\-.

135° Detector

i
_I

Target
Current

1500 Detector

IPreamplifier H Amplifier

)'
I

Acceleratory

,.

n 0

i i Multi-channel
~! 1 Analyzer

u,
Figure 3.1. A schemaTic diagram ofshmring a sewp andfaei/iries usedfor ion beam ana~1sis [Chll~8l-
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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. Ion 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

enclosed 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 contains positive beams. but sometimes it also contains a

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

b. Van De Graaff Accelerator

Before the invention of particle accelerators the only sources of particles that could

induce nuclear reactions were natural alpha particle eminers. These natural alpha

eminers were used until 1932. the year in which particle accelerators were first

constructed. Nowadays the use of these sources is no longer important due to the fact

that the accelerators are capable of accelerating particles up to 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. Accelerawfs 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. sy'nchrotrons and linear ones are the ones that
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use linear array of plates with alternating high-energy field, they are more often used

to accelerate particles lraveling in short lines, although they can sometimes be used to

accelerate particles lraveling 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 MY, 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 ollhe van de Graaffacceleralor used al NECSA.
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c. 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

is 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].
135°
detector
inside Preamplifiers

Faraday
cup

Target
inside

Sample
holder

Figure 3.2: A picture a/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 to

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 raiseel 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 [Tes95].

In semiconductor detectors: energetic ions start loosing energy as they enter 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. If 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 preamplitier

[Tes95].

In Silicon surface barrier detectors the quantity of collected charge is linear in the

total energy lost by protons and alphas due to electronic stopping processes. But this

quantity is non linear for all ions' energy lost due to nuclear stopping processes and

charge recombination the quantity is then called pulse height defect. The preceding

phenomena can make the detector"s energy resolution worse. \vhich is typicall.y in the

range of 15 -20 keV for light ions. Some of ions' energy gets lost as they penetrate the

gold entrance windo\v of the detecwr. Heavy ions have a large pulse height defeCL

and they can cause irreversible radiation damage to the detector thus their detection

must be done with caution. In order to assure required detector depletion thickness IQ



stop the corresponding highest energy particle a nonogram provided by the supplier is

used [Tes95]. 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, ill of 2.03 msr,

which then gave a scattering angle accuracy of ± 0.50 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 suiface barrier detectors used/or the currenl study
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Figure 3.4: A schematic diagram showing how the defector solid angle was attained/or
current stud)·.

e. Preamplifiers.

Signals collected from the detector are usually so small that they become very

difficult to deal with if no immediate amplification has been done. and then in

situations like these preamplifiers come into play. Preamplifiers are connected near to

the detector outputs 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 [Kf'079].

These devices are divided into voltage sensitive and charge sensitive types, with the

voltage sensitive type being the ones having a configuration providing output pulses

with amplitude proportional to the one of the voltage pulse supplied to its input

terminals. Charge sensitive preamplifiers are the ones having a configuration output

pulses proportional to the total integrated charge in the pulse provided to the input

terminals, if the duration of the input pulse is stiH shoner than the time constant. RC

[Kn079].
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Charge sensitive preamplifiers are nonnally used with semiconductor diode detectors

Le. silicon surface barrier, since it is the charge collected that the energy of the

detected particle is proportional to [Kn079]. 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 pulse shaping.

They produce linear pulses from pulses of either polarity accepted as inputs. The

amplitude gain has two controls: coarse and fine controls through which it is

adjustable over a wide range [Kn079].

The gain depends on the application; for instance if the maximum design output

amplitude is exceeded by the gain, the ampl ifier 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 [Kn079]. 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

spectroscopy amplifier's output. The heart of the device is the analog to digital

converter (AOC). It (ADC) analyzes the maximum amplitude of pulses with a

conversion gain ranging from one part in 256 up to one in 8192. 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 until 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 analyzer [Tes95].
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Figure 3.5: A schematic diagram ofa multi-channel analyzer [Kno79].

3.2 Experimental procedure

3.2.1 Sample design.

Three targets were used for the current study. which are thin carbon foil of a 20 lIg

cm'] thickness. boric acid (HBO,) crystal and a foam boron carbide target while beam

partides were interchanged between deuterons and 'He partides. The foam boron

carbide target was composed of 5i02 and B,C with the chemical formula IB,Ci.•

(SiO])! with x and y being the composition percentage of B,C and 5iO, respectively.

with x between 0.3 and 0.5% and y between 0.7 and 03%.
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3.2.2 Data acquisition and analysis

,,

Silicon Surface
Collimator Ba~Detector

/ ~ Target

~ 1350o
~------------------~-----~

o V81500

Silicon D\""'Collimator
Surface disks
Barrier
Detector

Incident
beam ---+

-----~

Figure 3.6: An experimental setup that was llsed/or 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 10-4 torr,

while beams of deuterons. 'He and alpha particles were accelerated to energies

between 0.8 and 3.0 MeV toward it. Collimators were used to sharpen and steer the

beam making sure that it hits the target on the right sport. Two silicon surface barrier

detectors were used with another one placed at a scattering angle of 150 l
' and a

distance of 8.5 cm from the target subtending a solid angle of 2.03 msr while the other

was placed at a scattering angle of 1350 at the same 8.5 cm distance from the target

subtending a 1.97 msr solid angle. The aim of the 1350 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 to detect every particle

falling within the solid angle. two collimators (2 and 3mm) were used in a conical

arrangement to guide scattered particles into rhe detector sensitive area. No filtering

material was put in from of the detectors: this was done to enable the technique to be

RBS/N~'\.
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3.2.3 Measuring of cross sections

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

4 = ()QaNt
- ,

cosain

where A is the area under spectrum peak, Q is the number of incident particles, Nt is

the atomic density of the target, Uin is the angle between the incident beam direction

and the sample normal. Since in the case of the current study Uin is 0" then the above

equation becomes:

In taking our measurements. we collected Q from the Faraday cup using a current

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

from spectra,. in counts.

According to the above Equation or Equation (1.26), the normalized charge, Qd is
Q

directly proportional to the cross section. a. Then we could use the relation to

compare the nonnalized charge, which we preferred to call the nonnalized number of

counts, N, to the cross sections taken from literature. The reason behind this is: in

Equation (1.26) the two parameters, solid angle, Q and the target's atomic density.

Nt are constants. Using the above argument we then plotted graphs of nOlmalized

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 data

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. 'Wbile on the other hand thicker

layers help with production of good spectra [Jia04].

The thin carbon foil was 50 lIg.em" in thickness and consists of 12C and I3C isotopes.

Where as the Boric acid crystal was about lmm in thickness and consist of IH• lOB.

lis, 160 • andl'O isotopes.

A thick boron carbide target containing Si02 with the chemical formula (B"C), /

(Si02), and the ratio x:y is 30% to 70% was used to 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

I'js, 19.61% and liB 80.39% and 12C 98.07% and I3C 1.07% respectively. Boron

carbide target makes it easier to get cross sections of the reactions of isotopes of boron

d b h lOB "B Pc d I'C' I . I' Th' .an car on sue as . . - an - usmg nue ear reaction ana YSIS. IS IS

motivated by the ability of l\'Ri\ of analyzing multiple elements at the same time

[Jia04] and the feature that NR.'" is isotope specific.

The target. B.j.C target enables one to measure reaction cross-sections of the following
.... ,~'... - 1 ~ ]" 1.,'...., ]' , ,... ,"

nuclear reactions: "C(ci p,,)"C, LC(d, piJ"C, "C (d, d) .C, "CCHe, po) -N. "CCHe.
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l' IJ ~ 14-.. r P ~ ~ 1~ 1~ 14 10 8 10 8
PI) 'N, -eCHe, 1'2) l~, -q'He. 'He) 'e. 'qd, p) e, B(d, ll<J) Be, B (d, (Il) Be,

llB(d, po)12B, llB(d, Pl)I'B and IOB('He, pi'e.

During the data acquisition, the intensity was kept at 20 nA for the deuterium (0')

beam and at 2 nA for helium-3 eHe+) 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 I x 10 6 counts. Thus from this

information, the particle flux for deuterium beam could be calculated to run from

1.78 x IO lD particles / s to 4.16 x IOw particles / s . For the helium-3 beam particle flux

could run from 1.78 x 10' particles / s to 4.16 x 10 9 particles / s .

4.2 Main Results

Spectra peaks identification

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

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

L = II .J'm-1-m-,-E-1cose : -,...J_'m-'l-,m-,,-,E...-'I_C_O_S'_e_---.:.(m-e:,,_,_m---,-,,-,XE-;-1(-,m_,-,-_m-"-,)_-_rn_,-,Q_,,,,,,-,c,,,,l 'I'
, (rn, ,m,) (m, -rn.) ,

Where M,. M, and !'vG are masses of the incident particles. scanered panicles and the

residual nucleus respectively. e is the lab scattering angler Q\-alue is the amount of

energy released or absorbed by the reaction and El 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 emined protons vary with the incident beam energy is

shown in the tables below.
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~ 4.236 I 4.132

Ein Eaut 135 Eaut150 !,
1.8 3.579 3.503 ;
1.9 3.645 3.565

I

2.0 3.710 3.628 !
2.1 3.775 3.690

2.2 3.841 3.753 ,

2.3 3.907 3.816
i

2.4 3.972 3.879

2.5 4.038 3.943
i

2.6 4.104 4.006 ,

I

2.7 I 4.170 4.069 i,

Table 4.1: Kinetic energies ofemitted protons for the n(d, PaJ reaction at 135' and 15rt respectire(l',
for incident deuteron energy Ei•. All energies are in "HeY.

Data presentation and statistics calculations.

These results are presented 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 presents the incident beam energy. Omc is the

number of incident panicles in coulombs. Qd is the number of detected emined

panicles as taken from spectra peaks in counts. Nc is the normalized number of counts

(Qct/Qinc) in coums/uC and cr is the experimental error. The error was calculated

usmg:

Therefore, the % error on Od was given b)':

The calculation of statistics radiation evems is discussed in more details in appendix

A. For the theoretical plots of RES the cross sections were calculated using the

Rutherford backscanering cross section formula Eq. (1.22). In the plots Expntl and

Theor refer to the experimental and theoretical measurements of the current study

respectively.
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4.2.1 Results ofthe n+ on Carbon foil.

The following results were obtained by accelerating beams ofD~ and 3He~ particles to

1.8 -2.8 MeV incident energy range in steps of 0.1 MeV toward a 50 ~g cm-' carbon

foil target. Shown in Fig. 4. I is a spectrum collected for deuterons on carbon foil at

2.4 MeV and 135'.

Dnel:;:- \J\Ic'\-)

i
-J-I)I)

i
.l00

2 0 2 -5 , 0

~
F....

£
cO

~

~
~ -.!

f0- P ~x' "" "" '"~ - -f. ""
- ~ 0
~

151 0

--l-OO ~

\~hallllcl

Figure -/.1 Spectrum collectedfor a 1.-1 Afe V beam afdeuterons detected al 13)-f.>

"C(d, po)13C

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 tvleV could not be

resolved. The data to which the experimental data is compared is presented in

Appendix B. Table A. Apan from the above-mentioned errors. no huge variations

were observed between the plots. Due to the lack data in the nuclear data library the

150 degrees could not be compared. however the trend in the data tends to agree with

that seen at 135(1.
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12C(d, pd3c
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 2.5 and 2.7 MeV.

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

12C(d, pz)13C

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

experimental data normalized to Kokkoris data at 1.8 MeV. Kokkoris data is

presented in Appendix B, Table B.
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Tables and plots

E(MeV) Cin<(PC) Qd13 5" N"3'" (CountS/ {C) (j' ! Qd150" N
d5if

(Counts/ {C) (j'

1.8 22 1132 51.45 1.53 5561 252.n 3.39
1.9 20 928 46.40 1.54 4415 220.75 3.32
2 22 1049 47.68 1.47 3962 180.09 2.86

2.1 20 I 1156 57.80 1.70 5544 2n.20 3.72
2.2 20 1157 57.85 1.70 4263 213.15 3.26
2.3 20 1008 50.40 1.59 3618 180.90 3.01
2.4 20 939 46.95 1.23 1n3 88.65 2.11
2.5 20 873 43.65 1.48 4292 214.60 3.28
2.6 20 686 34.30 1.31 2691 134.55 I 2.59I

2.7 20 833 41.65 1.44 4490 224.50 I 3.35
2.8 20 490 24.50 1.11 2281 114.05 I 2.39

Table -4.2: Data collected for the 12C(d, Do)
f3C reaction at 13)-0 and J5ff.

A

20.00 ­

15.00 ­

10.00 -

45.00 ­

40.00 ­

13 35.00­

~ 30.00-

q 25.00 c

!
!:!

5.00 -

0.00 -------_------- ~

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed (MeV)

B

300.00 ~

--_&-_ Expntl

-+-Debras

250.00 -

G' 200.00 -

(1.

-;;
: 150.00-

!:! 100.00 c

50.00 -

-+-150Deg

0.00 ---~~-----------------

1.5 '.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed (MeV)

Figure 4.2 In A is a plot of(J number ofdelt!Cled prowns againsl [he incident beam energy from [he
f]'C(d p,/;'C reacrion in The currenr measuremenrs raken aT 13S" compared to the cross sl!ciion daTa.
found by Debras el a.l [Deb'""-:I In B is a plot ofnumber emirted prowns/or [he same reac[iun at 15(1'.
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E(MeV) C",,(PC) Qd13 5" 11"135" (Countsl pC) (j
QJ150" 11"15<1' (Countsl pC) (j

1.8 22 458 20.82 0.97 2426 110.27 2.24
1.9 20 228 11.40 0.75 503 25.15 1.12
2 22 351 15.95 0.85 1213 55.14 1.58

2.1 20 396 19.80 0.99 1682 84.10 2.05
2.2 20 409 20.45 1.01 1650 82.50 2.03
2.3 20 298 14.90 0.86 976 48.80 1.56
2.4 20 305 15.25 0.87 2796 139.80 2.64
2.5 20 717 35.85 11.34 21274 1,063.70 7.29
2.6 20 636 31.80 1.26 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 4.13

Table -4.3: Data collected for the 12C(d lJl)
13C reaction at 135 and 15ff'

A

120.00 .

100.00 .

6 80.00 .

""$
60.00 .~

2-
0 40.00 .z

20.00 .

__ 135 Deg

QOO •

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Eo (MeV)

B

120.00

100.00
~

C 80.00x
6
" 60.00
~
2- 40.00
0z

20.00

~\I ,
\ I \
\ J ,
\ I !
!

-+- 150 Degrees

1.51.6 1.71.81.9 2 2.1 2.22.3 2.42.52.62.72.82.9

Ed (MeV)

Figwoe -1-,3 In A is plo! (~fCOllf1{Sn. incidem del/reron beam energy/or [he i:C(d, p:r'iC measuri?meJ1fS

taken at 135" and in B is a plot taken ar 15ft.

56



E(MeV) C,~CuC) i Qd135" I N",," (Counts / fiC) (J QJI50' I N,,;o' (Counts/ jiC) (J

1.8 221 623 ' 28.32 1.13 1491 I 67.77 1.76
1.9 20 I 5701 28.50 1.19 1525 I 76.25 1.95

2 221 597 I 27.14 1.11 894 I 40.64 1.36
2.1 20 I 4331 21.65 1.04 539 i 26.95 1.16
2.2 20 ! 329 i 16.45 0.91 427 I 21.35 1.03
2.3 20 I 571 2.85 0.38 463 i 23.15 1.08
2.4 20 I 47 i 2.35 0.34 315 1 15.75 0.89
25 20 I 325 I 16.25 0.90 808 t 40.40 , 1.42
2.6 20 I 471 10.BO 0.73 6981 34.90 1.32
2.7 20 1 461 13.70 0.83 731 i 36.55 1.35
2.8 201 41 1 9.20 0.68 429 I 21.45 1.04

Table 4.4: Data collected/or the measurements ofthe I2e(d. p2)!3C at 13S' and l5(f

A

35.00 -

30.00 c

IT 25.00 '

"S 20.00

§. 15.00

"z 10.00-

5.00 -

I.
____ 135 Deg

0.00 ~-~~~-~~-~_~~_.__~--~-

1.5 '.6 '.7 '.8 '.9 2 2.' 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed (MeV)

B

..
O.CO -----"'---------------"=-------_-

1.5 1.6 1.7 1.8 1.9 2 2.1 2-2 2.3 2.4 2.5 2.6 2-7 2.8 2.9

Ed (MeV)

8.00 -

7.00 - T..,
- T.

I
N

6.00 -r-
0 -.1c 500 -x
IT 4.00 - T
" 1 IS • •~ 3.00 - T

11- 1
I,

" 2.00 - •z • 1'.00 - • -- T
,

.L

---+--- expntl

T T _Kokkoris

T
I 1

,

1
1

Figure 4.4: in A is a plOl afcounts n. bt!Qm .:nergyfor rhe '~Cfd, p:,/-~C measuremenls hlken at 135" and
in B is a pIarjor ! 5U' meaSllrefnenlS normali=t!d at 1.8 ;Hei" 10 [he cross secrion Jawfolll1J by Kukkoris et
al. [Kok06).
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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 12C,

which would have included a component of the oxygen surface contamination.
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E(MeV) C,~(PC) Qd!}5" N,135" (Cozmts! JiC) (j
Qd150" N"SO" (Counts! .uC) (j

1.8 22 535 24.32 1.05 2886 131.18 2.44
1.9 20 681 34.05 1.30 1435 71.75 1.89
2 22 310 14.09 0.80 1155 52.50 1.54

2.1 20 225 11.25 0.75 1103 55.15 1.66
2.2 20 254 12.70 0.24 54 2.70 0.37
2.3 20 321 16.05 0.21 67 3.35 0.41
2.4 20 381 19.05 0.34 253 12.65 0.80,
2.5 20 2010 100.50 0.43 105 5.25 0.51
2.6 20 474 23.70 0.19 62 3.10 0.39
2.7 20 10 32.25 0.18 43 2.15 0.33
2.8 20 1102 14.40 0.16 25 1.25 0.25

Table 45' Data collected/or the reaction 12C (d, d/2C at 135 and 150" measurements.

A

-+-Expntl

,-+- Theor

\:~-: : :
2.1 22 2.3 2.' 2.5 2.6 2.7 2.8 2.9

E(MeV)

.... ,

40.00

35.00 "
~

"'! 30.00 ~

~ 25.00 •

".2 20.00 -
:!
.[ 15.00-

~ 10.00 ~

5.00·

0.00 ~~~~~~~~­

1.5 1.6 1.7 1.8 1.9 2

B

5.00E+01 ­

4.50E+01 ­

"" 4.00801 .
M

~ 3.50E+01-

U 3.00E+CI1 ­

3 2.50801 ­

6 2.008-01­

~ 1.50E+01 -
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13C(d, p;)I3C, 13C(d, ao)l1B and 13C(d, d)13C
Since natural carbon contains only 1.03 % of the l3C 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 panicles 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.

160 (11, po)170

In Table 4.6 and Fig. 4.6, the results of 160(d, PO)170 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

plot 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].

160 (d, pd70

In Fig. 4.7 there were so many variations berween the experimental and the literature

data with the experimental data having small errors Out of which the literature data

falls, consistency was only observed at 2.1 -2.3 MeV. At 2.4- 2.8 MeV the Dcbras 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 experimental data is

presented in Table 4.7[Deb77].
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E(MeV) Cj~(uc) Qd13 5" N
d

35" (CountS/ ,1£) (j QJ150~ N "(Counts/ ,1£) (j
"ISO

1.8 22 7 0.32 0.10 35 1.59 0.27
1.9 20 5 0.50 0.15 42 2.10 0.32
2 22 9 0.41 0.14 38 1.73 0.28

2.1 20 12 0.60 0.17 36 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
2.4 20 12 0.60 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 2.80 0.37

2.7 20 30 1.50 0.27 37 1.85 0.30
2.8 20 31 1.55 0.28 28 1.40 0.26

Table 4.6: Data collected at 135 and 15(J' for the measurements a/the ]f,Qfd, Pj)/~O reaction.
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Figure -1.6: Plors ofcounts vs. beam energyfor the !(,O(d, PIJ/~0 measurements caken af 135" normuli=ed
to the Debras et at. cross section data a1 2.5 i\;JeV and the15(t measurements respectiveiy[Deb"'-;-j.
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E(MeV) C,m(PC) Qdll 5" N
d3

5" (Counts! ,uC) (J
Qd150" N"5<,.(Counts! ,uC) (J

1.8 22 4 0.18 0.09 17 O.IT 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 0.45

2.1 20 16 0.80 0.20 80 4.00 0.45
2.2 20 12 0.60 0.17 32 1.60 0.28'
2.3 20 6 0.30 0.12 12 0.60 0.17
2.4 20 7 0.35 0.13 11 0.55 0.17
2.5 20 2 0.10 0.07 53 2.65 0.36
2.6 20 6 0.30 0.12 22 1.10 0.23
2.7 20 4 0.20 0.10 24 1.20 0.24
2.8 20 5 0.25 0.11 20 1.00 0.22

Table 4.7: Data collectedfor the measurements ofthe /'O(d, pj"O at 135 and 15tJ'.
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Figure -I.~: Plots ofcounts vs. beam energy for The 160(d. pj-o measurements raken at J3J-.J normali=ed
to the cross sections datafound by Debraser al. 2.1 AIel" [Deb":'-]. and a plot afcurrent measurements
taken at 15(JJ respective(y.
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160 (11, Uo)14N

lbis reaction gave very low numbers of counts at botb 135" and ISO" scattering

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

tbe plots were not included in tbe current results.

"0(11, 1l;)1"N

The peaks due to tbese reactions could not be observed on spectra, which means no

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

160 (d, d)160
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 tbeoretical measurements. However. the measurements for RBS

measurements on 180 target cold not be presented due to a very poor statistics.
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E(MeV) C,=(uc) Qdl"S N
d3

S' (CountS/ pC) a QJlSO" N'l5", (Counts/ pC) a
1.8 22 19 0.86 0.20 201 9.14 2.38
1.9 20 23 1.15 0.24 155 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
2.2 20 5 0.25 0.11 54 2.70 1.36
2.3 20 17 0.85 0.21 67 3.35 1.51
2.4 20 45 2.25 0.34 35 1.75 1.09
2.5 20 53 1.00 0.22 18 0.90 0.78
2.6 20 14 0.70 0.19 20 1.00 0.83
2.7 20 6 0.30 0.12 11 0.55 0.61
2.8 20 20 0.50 0.16 11 0.55 0.61

Table 4.8 Number ojcounts token from the spectro ojl'O(d. d/'O at 13)~ and 150
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Figure .f.8: ETfJen"mental plot ofcounts vs. incident beam energy/or the !(;O(d, d;'''Q measurements taken
at 15(f respective~l'normali=ed to the theoretical RES measurements at 2.3 Afe V.



4.2.2 Results of the~e+ on the carbon foil target.

I
"C('He. p,)''N

I
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Figure 4.9: A spectrum collectedfor the 2.6 Me V;He beam on the carbon/oil at 15(1'.

12C('He, Po)I4N

In Table 4.9 and Fig. 4.10. the results for the 12Cr'He, p,,/3C reaction taken at 150'

showed to be consistent with the results taken from the nuclear data library for a

159.4' 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

I' 3.. ,...,
'C( ne, PI) "

In Table 4. IO and Fig. 4.11. no particles could be detected forthe 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 [Kua64]. which may be due to

energy experimental errors. The literature data for this reaction is presented in

Appendix B. Table F.
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12C(3He, Pz)l'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. 159.40 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(MeV) CiOC(PC) Q
Jl50

Q N
d50

' (Collnts!lJC) (J QJ135~ Nd3~ (Counts!lJC) (J

1.8 2.00
1.9 2.00 2 0.07 0.32 1 i

2 2.00 3 0.08 0.37 2 0.09 0.30
2.1 2.00 2 0.07 0.32 1 1 0.05 0.22
2.2 2.00 5 0.11 0.50 21 0.10 0.32
2.3 2.00 8 0.14 0.63 41 0.20 0.45
2.4 2.12 7 0.13 0.59 4 0.20 0.45
2.5 2.00 18 0.21 0.95 91 0.45 0.67
2.6 2.00 29 0.27 1.20 51 0.25 0.50 I
2.7 2.00 32 0.28 1.26 71 0.35 0.59

Table 4.9: Number 0/COllnts takRn/rom spectra/or "0'He. p,/'N at 135 and 1511'.
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Figure 4.10: In A is a plot ofcounts vs. beam energ)-Ior the fle(-He, Po/o/,V measurements taken at 1j(J'

normalized to the cross sections data calculated by Kuan et af. at 2. 7 .!.\1e V and J59../) [Kua6-1].
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E(MeV) C,oc (PC) Qd13S" N,m" (Counts / pC) (j QJ150 0 Nd5~ (Counts/ ;.e) (j

1.8 2.00
1.9 2.00
2 2.00 5 2.50 1.12

2.1 2.00 2 1.00 0.71 6 3.00 1.22
2.2 2.00 5 2.50 1.12 9 4.50 1.50
2.3 2.00 5 2.50 1.12 22 11.00 2.35
2.4 2.12 8 3.77 1.33 44 20.75 3.13
2.5 2.00 8 4.00 1.41 27 13.50 2.60
2.6 2.00 5 2.50 1.12 31 15.50 2.78
2.7 2.00 4 2.00 1.00 18 9.00 2.12

Table 4.10: Number ofcounts taken/rom spectrafor netHe, p 1/-/Nfor measurements taken at 135 and
150 degrees
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Figure 4.11: A plot ofcounts vs. incident beam energy/or the J2et He, Pl/J_N measurements raken at 15(J)
normalized to Kuan et al. cross sections data taken at J59.-r at 2.4 AfeV [Kua64}.

67



E(MeV) C,~(PC) Qd135' N"3'1' (CountS/ "c) 0' Qd150" N'I5~(Count:i"c) 0'
1.8 2.00 3 1.50 0.87 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

2.1 2.00 1 0.50 0.50 7 3.50 1.32
2.2 2.00 3 1.50 0.87 8 4.00 1.41
2.3 2.00 6 3.00 1.22 22 11.00 2.35
2.4 2.12 5 2.36 1.05 30 14.15 2.58
2.5 2.00 6 3.00 1.22 22 11.00 2.35
2.6 2.00 6 3.00 1.22 20 10.00 2.24
2.7 2.00 4 2.00 1.00 15 I 7.50 1.94

Table 4.11: Number ojcounts takenjram spectrajor nctHe, p,j"NJar measurements taken at 135 and
l51t.
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Figure 4.11: A plot o..fcounts vs. incident beam energyfor the netHe, P:/"J.V measurements taken at 15(J'
normali::ed to Kllan et al. cross sections daTa Taken at 159.-f af 1.4 A1eV [Kua64]. in A is a plOT of 135"
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12C('He, 'He)I2C

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 to any other measurements obtained from the literature.

E(MeV) C'n)PC) Qdi35" N " .• (Counts I pC) (j Q
dl50

0 N
c
!5if (Counts! pC) (jno

1.8 2.00 13 6.50 1.80 37 18.50 3.04

1.9 2.00 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 1.73 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 6 3.00 1.22 21 10.50 2.29

2.6 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 ofcounts taken from spectrafor n e( He, 3He/l efor measurements taken at 135
ond 150 degrees
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Figure 4.13: An experimental plot ofcounts vs. incident beam energy/or the f2Cf He, 3He )I1C

measurements taken at 135' nomJa!i=ed to the RBS them'erical plot at 1.9 AfeV

69



l3q 'He, 'He)13C

Due to the very low petcentage of 13C (1.03 %) in natural carbon, this teaction tesults

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

4.2.4 Results of the n+ on Boric acid (HB03) crystal.

To fmd Qv~ues fot the teaction, energy level scheme diagrams showing excitation

energies of the required residual nuclei had to be used. This was done by subtracting

the excitation energies of the residual nuclei from the energy released by the reaction.

which is the Qv~uegiven by: Q,al'" = (M, +M,). c" - (Al, +M,)' c 2

The energy level schemes diagrams for liB are shown in Fig. I in appendix C, which

enabled us to find the Qv~u" of the reactions emitting protons leaving liB on the

ground and for excited states with angular momentums, X-, /i- ,Yz- .~- ,/i-
with the emitted protons being Pc. P,. p" P, and p,. The Qvalue, were then used to

calculate energies of the emitted particles using the same equation as in the case of

carbon foil target results. The energy level scheme diagram used for the calculation of

IIB(d, u,lBe is shown in Fig. 2 and the one used for IOB(d, u,)"Be reaclions was taken

from [AJZ88].

HUC1-';'::':Y 11'.1.;\-,

1 ~ 3 4
1 2;:10'" ,..-';-~~~~--T~~-~~-T--~~~~-;-~~~~

600

Figure 4.1-/: Un-calibrated spectnlmfor2.6 Ale V D on boric acid at 15(fJ
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U'B(d, Poi'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, Pi) reactions on boron these results were not

compared to anything.

U'B(d, Pl)"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 150° could be found.

1"B(d, p:!i'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 150° plot could be

presented in Fig. 4.17.

1"B(d, pJ)"B

The results for this reaction's measurements are presented in Table 4.16 and Fig. 4.18.

However the results for the 135° measurements still had poor statistics, this is shown

by the number of normalized counts (in counts/ue) that could be found between 0.1 ­

2.28 at 1.8 MeV on the plot. For the 1500 the maximum number of normalized counts

was observed at 2.7 MeV.
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"'B(d, P4)"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. TIlls showed a better probability of

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

E(MeV) Ci~(PC) Qd135" Nd3~ (Count~I-e) (J Qd150" PCl5o·(CountsljJC) (J

1.8 20.2 9 0.45 0.15 35.00 1.73 0.29
1.9 20 7 0.35 0.13 47.00 2.35 0.34
2 26 9 0.35 0.12 36.00 1.38 0.23

2.1 20 4 0.20 0.10 70.00 3.50 0.42
2.2 20 8 0.40 0.14 60.00 3.00 0.39
2.3 20 5 0.25 0.11 48.00 2.40 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
2.6 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 ofCOllnts taken/ram spectra/or IUBid, po/IB collected at 135' and ISff.
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Figure 4.15: Experimental plots ofcounts vs. incident beam energy/or the /0 B(d. Pu./!B measurements
taken at ISff.

72



E(MeV) C=(Pc) Qd135 0 N
d35

" (Counts / IJC) (J Qdl50 0 N "(Counts/ IJC) (Jd50

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 0.31 0.11 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 60 3.00 0.39
2.3 20 11 0.55 0.17 48 2.40 0.35
2.4 20 17 0.85 0.21 49 2.45 0.35
2.5 20 21 1.05 0.23 81 4.05 0.45
2.6 20 22 1.10 0.23 93 4.65 0.48
2.7 20 13 , 0.65 0.18 111 5.55 0.53
2.8 20 19 0.95 0.22 70 3.50 0.42

Table 4.14 Number ofcounts taken from spectra for l'B(d, PI)llB collected at 135" and 15rf'.
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Figure 4.16: Experimental plots ofcounts vs. incident beam energyfor the 11)B(d P1/1B measurements
taken at 15ft.
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E(MeV) I Ci,)pC) QJ135~ N
d

35" (Counts / 1lC) (J QdlSOD NdSO·(Counts/ pe) (J

1.8 20.2 24 1.19 0.24 126 6.24 0.56
1.9 20 25 1.25 0.25 132 6.60 0.57
2 26 15 0.58 0.15 143 5.50 0.46

2.1 20 18 1.35 0.32 214 10.70 0.73
2.2 20 27 0.50 0.10 172 8.60 0.66
2.3 20 10 1.40 0.44 174 8.70 0.66
2.4 20 28 1.25 0.24 187 9.35 0.68
2.5 20 25 1.60 0.32 235 11.75 0.77
2.6 20 32 1.35 0.24 305 15.25 0.87
2.7 20 27 2.05 0.39 300 15.00 0.87
2.8 20 41 2.05 0.32 230 11.50 0.76

Table 4.15: Number afcounts taken from spectrafor IOBfd. pzi'1B collected at 135" and 15ff.

18.00,

16.00 -

14.00 ~

o 1200-c
::l
Ci 10.00--l:
~ 8.00-

!il 6.00 "

4.00 ­

2.00 -

0.00---~~~-------~-_~_~

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ell (MeV)

-+- 150 degrees

Figure 4.17: Experimental plot afcounts vs. incident beam energyfor the !UBfd, p2J!1B measurements
taken at 1511'.
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E(MeV) C,~(PC) Qd135" N
dW

(Counts! pC) (j Qd150" N •(Counts! pC) (j
..150

1.8 20.2 24 1.19 0.24 132 6.53 0.57
1.9 20 27 1.35 0.26 130 6.50 0.57
2 26 29 1.12 0.21 156 6.00 0.48

2.1 20 38 1.90 0.31 179 8.95 0.67
2.2 20 24 1.20 0.24 193 9.65 0.69
2.3 20 23 1.15 0.24 156 7.80 0.62
2.4 20 27 1.35 0.26 157 7.85 0.63
2.5 20 28 1.40 0.26 208 10.40 0.72
2.6 20 35 1.75 0.30 310 15.50 0.88
2.7 20 33 1.65 0.29 268 13.40 0.82
2.8 20 48 2.30 0.34 241 12.05 0.78

Table 4.16: Number 0/counts taken/mm a spectra a/iDBM, P3/ iB collected at 135" and 15(/'.

A

3.00 -

0' 2.50 ~

.2 2.00 c

'E 1.50 - -+--- 135 degrees i

e. 1 00 _o .
z 0.50 -

0.00 ---_-~~~----- __~-

1.5 1.6 1.71.81.9 2 2.1 2.2 2.32.4 2.52.62.72.82.9

Ed (MeV)

B

18.00

16.00

14.00

IT 1200

":! 10.00 c

C ----- 150 degreeso 8.00

o 6.00

Z 4.00

2.00
0.00~--_------_- _

1.5 1.6 1.7 1.8 1.9 2 21 2.2 23 24 2.5 26 2.7 2.8 2.9

Ed (MeV)

Figure -1.18.- E--.:perimental plot ofCOZlnts vs. incident beam energyfm" the IUBfd. p;)!1B measurements
taken at 135 and 150' respective~l".
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E(MeV) C.. 0£:) Qd135" N d35" (Counts I .ue) (J' QdlW N
d5

r1' (Countsl .ue) (J'

1.8 20.2 31 1.53 0.28 926 45.84 1.51
1.9 20 34 1.70 0.29 685 34.25 1.31
2 26 68 2.62 0.32 1385 53.27 1.43

2.1 20 55 2.75 0.37 1844 92.20 2.15
2.2 20 51 2.55 0.36 1316 65.80 1.81
2.3 20 69 3.45 0.42 1562 78.10 1.98
2.4 20 76 3.80 0.44 1588 79.40 1.99
2.5 20 63 3.15 0.40 1647 82.35 2.03
2.6 20 75 3.75 0.43 1599 79.95 2.00
2.7 20 63 3.15 0.40 2914 145.70 2.70
2.8 20 53 2.65 0.36 2889 144.45 2.69

Table 4.17: Number ofcounts taken from a spectra of/aBM, pj/B collected at 135" and 15tf.

A

4.50 -

4.00 ­

3.50 -

0"::l 3.00-

3 2.50-
c i ----.-....-135 degrees!e. 2.00 ~ .

o 1.50 ~

Z 1.00

0.50 ~

0.001..--~~~--~-~-- - _

1.5 1.6 1J 1.8 1.9 2 ~1 U 2.3 U 2.5 2.6 V 2.8 2.9

Ed (MeV)

B

2 2.12.22.32.4 2.5 2.6 2.7 2.8 2.9

Ed (MeV)

160.00 .

140.00

120.00

100.00

80.00 c

60.00 ,

40.00 .

20.00 c

0.00 ~~-~---.--~-_~~~_

1.51.61.71.81.9

_____ 150 degrees

Figure -1.19: £TfJerimental plot ofcounts vs. incident beam energy/or the "IB(d. p~/!B measuremenlS
taken at 135 and 15(f respecrively
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"B(d. 1'o)12B

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(MeV) C'oc (uc) QJ135~ N"35" (Counts! ,ue) (J Q
dl50

Q Ndsoo (Counts! ,1£) (J

1.8 20.2 119 5.89 0.54 1334 66.04 1.81

1.9 20 183 9.15 0.68 1193 59.65 1.73

2 26 258 9.92 0.62 2087 80.27 1.76
2.1 20 243 12.15 0.78 3772 188.60 3.07
2.2 20 213 10.65 0.73 3888 194.40 3.12
2.3 20 207 10.35 0.72 3666 183.30 3.03

2.4 20 246 12.30 0.78 2535 126.75 2.52
2.5 20 292 14.60 0.85 1834 91.70 2.14
2.6 20 362 18.10 0.95 2850 142.50 2.67

2.7 20 471 23.55 1.09 2646 132.30 2.57

2.8 20 561 28.05 1.18 2888 144.40 2.69

Table 4.18: Number ofcounts taken from a spectra ofl/B(d, pi'B collected at 135" and 15tJ'.

A

35.00 ~

30.00

15.00

20.00

10.00 -'

IT 25.00

3
l:e.
!z!

5.00 ~

0.00 -~- ~~- ~ ~

1.5 1.6 1.7 1.8 1.9 2 2.1 22 2.3 2.4 2.5 26 2.7 2.8 2.9

Ed (MeV)

B

250.00 ~

---.- 135 degrees:

0' 200.00 ­

"i 150.00-

£
U 100.00­
Z

so.oo

----.- 150 degrees

0.00 --------~----- ~_-

1.5 1.6 13 1.8 1.9 2 2.1 U 23 24 25 26 27 ~ 29

Eel (MeV)

Figure -1-.20: ETperimental plOl ofcounts vs. incidenT beam energyfor the 11Brd. pvi'::B measurements
taken af 135 and 15fT respeclil'e~l·.
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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 tobe a weak reaction. These results are presented in Table 4.19 and Fig.

4.21.

"'B(d, al)8Be

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 poor statistics. The

data for the measurements is presented in Table 4.20. The plot that could be plotted

was the one forthe 150° measurements shown in Fig. 4.22, which did not give a good

statistics either.

"'B(d, a2)8Be

From this excited state of 8Be some protons emitted from the reaction could be

detected at 135°, however with poor statistics. The 1500 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.

1IIB(d, a3)"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

presented in Table 4.22 and Fig. 4.24 respectively.
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E(MeV) C~(PC) Q'f150 U N <ISO' (Counts I fie) (Y

1.8 20.2 28 1.39 0.26
1.9 20 30 1.50 0.27

2 26 32 1.23 0.22
2.1 20 55 2.75 0.37
2.2 20 39 1.95 0.31
2.3 20 33 1.65 0.29
2.4 20 38 1.90 0.31
2.5 20 51 2.55 0.36
2.6 20 44 2.20 0.33
2.7 20 51 2.55 0.36
2.8 20 52 2.60 0.36

Table 4.19: Number ofCOllnts takenfrom a spectrllm of'''B(d a,,/Be collected at 15(/'.

3.50

3.00

_ 2.50
U
::l
Ci 2.00
~

c
2. 1.50

U
Z 1.00

0.50

I--+- 150 degrees:

o.oo~·--~--~------ - _
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 27 2.8 2.9

Ed (MeV)

Figure 4.21: Experimental plot ofcounts vs. incident beam energy/or the IQBM, (J.o/Be measurements
taken at 151/' .
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E(MeV) CiOC(PC) QJ135 <> Nd3~ (Counts! ,ue) (j Qd150 <> Nd5~ (Counts! ;C) (j

1.8 20.2 6 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

21 20 7 0.35 0.13 57 2.85 0.38
22 20 8 0.40 0.14 61 3.05 0.39
23 20 6 0.30 0.12 46 2.30 0.34
24 20 11 0.55 0.17 59 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 4.70 0.46
2.7 20 9 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 ofcounts taken from a spectra of"B(d, aJJ'Be reaction both at 135 and 15(/'
respectively.

6.00 ­

5.00 -

~ 4.00­..
C 3.00 ­
~
o 2.00­
z

-+- 150 degrees;

1.00 -

0.00 --~~-~~-------~~

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed (MeV)

Figure 4.22: Experimental plot ofcounts vs. incident beam energyfor the IVB(d CId"'Be measurements
taken at 15(1' .
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E(MeV) C~(uc) Qdm" N
d35

" (CountS! pe) (J' Qd150 a N
dSO

" (Counts! pC) (J'

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 1.15 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 19 0.95 0.22 187 9.35 0.68
2.4 20 32 1.60 0.28 204 10.20 0.71
2.5 20 41 2.05 0.32 220 11.00 0.74
2.6 20 40 2.00 0.32 276 13.80 0.83
2.7 20 45 2.25 0.34 232 11.60 0.76
2.8 20 32 1.60 0.28 265 13.25 0.81

Table 4.21: Number ofcounts taken/ram a spectra oj/oB(d, GJlBe reaction collected at J35 and 15(J'.

A

3.00

2.50J!
c:,,-
oU2.00~o-=:
." ..
ID i: 1.50

.!:! "- 0
~ ~ 1.00

o
Z 0.50

-+-135 degrees;

2.1 2.2 2.3 24 2.5 2.6 2.7 28 2.9

0.00~~~----~----~-~__-~~

1.5 1.6 1.7 1.B 1.9 2

Ed (MeV)

B

16.00 -

14.00 -

-+- 150 degrees

T
J!s:: 1200
;0-o ..2 10.00-

"Cl J! 8.00 ~.. c:

~ i5 6.00-
"0
E- 4.00­o

Z 2..00-

O.OO--------------_--~

1.5 1.6 1.7 1.8 1.9 2 2.1 22 23 2.4 2.5 2.6 2.7 28 2.9

Ed (MeV)

Figure 4.23: Etperimental plocs ofcounts l'S. incidenr beam energyfor the !()B(d. a:,/OBe measurements
taken at 135 and 15{[ respectively.
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E(MeV) CiOC(PC) Qdl35" N
d

35" (Counts / pC) (J QJ150 9
N

d5if
(Counts! ,/C) (J

1.8 20.2 324 16.04 0.89 1078 53.37 1.63
1.9 20 307 15.35 0.88 1193 59.65 1.73
2 26 370 14.23 0.74 1794 69.00 1.63

2.1 20 330 16.50 0.91 2156 107.80 2.32
2.2 20 361 18.05 0.95 1986 99.30 2.23
2.3 20 325 16.25 0.90 2891 144.55 2.69
2.4 20 439 21.95 1.05 2015 100.75 2.24
2.5 20 971 48.55 1.56 2249 112.45 2.37
2.6 20 962 48.10 1.55 3572 178.60 2.99
2.7 20 884 44.20 1.49 3913 195.65 3.13
2.8 20 866 43.30 1.47 3426 171.30 2.93

Table 4.22: Number ofcounts tokenfram spectra ofJOB(d,(J.;)'Be reaction at 135 and J5(/' .

A

60.00

50.00

U 00
" 40.

Oi
~ 30.00

£
U 20.00
Z

10.00

-+- 135 degrees

0.00'-~~~~~~~~~~~~~~~~~_

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.6 2.9

Ed (MeV)

B

250.00 -

200.00 -:

u
~ 150.00

"0- 100.00-
Z

SO.OO -

0.00~---~--------- _

1.5 1.6 1.7 1.8 1.9 2 2.1 22 2.3 2..4 2.5 2.6 2..7 2.a 2.9

Ed (MeV)

-+- 150 degrees

Figure 4.2-4: Experimental plots afcounts vs. incident beam energy/or the liJBrd ai'Be measuremenls
taken at 135 and J5ff respectively.
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160 (<1, PO)170

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 carbon foil surface. The data and plots for these

measurements are presented in Table 4.23 and Fig. 4.25.

16O(d. Pl)'70

None of the plots of these measurements followed the trends 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.

84



E(MeV) C~(uc) Qd135" N d35• (Counts I flC) (J Qdl500 NdSO·(Countsl,ue) (J

1.8 20.2 38 1.88 0.31 705 34.90 1.31
1.9 20 31 1.55 0.28 1073 53.65 1.64
2 26 27 1.04 0.20 1671 64.27 1.57

2.1 20 54 2.70 0.37 1580 79.00 1.99
2.2 20 135 6.75 0.58 1748 87.40 2.09
2.3 20 61 3.05 0.39 1581 79.05 1.99
2.4 20 62 3.10 0.39 1750 87.50 2.09
2.5 20 61 3.05 0.39 1477 73.85 1.92
2.6 20 60 3.00 0.39 3178 158.90 2.82
2.7 20 59 2.95 0.38 2914 145.70 2.70
28 20 61 3.05 0.39 2889 144.45 2.69

Table 4.23: Number ofCOllnts takenfram spectra of'O(d,po/'O reaction at /35 and 15(/' .

A

8.00 -,

7.00

_ 6.00­
U
..2 5.00-

~ 4.00e-
O 3.00

Z 2.00

1.00 -'

0.00~~~--~~~-~~_- -_

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 29

Ed (MeV)

B

25.00 -

, --.-135 degrees ,

..,
- 20.00 ~
~

.,;
)(_ 15.00 -
U

"~ 10.00-

e-
~ 5.00-

~Expntl

__ Debras

0.00 ~_- ----- ~

1.5 1.6 1.7 1.B 1.9 2 2.1 2.2 2.3 2.4 2.5 2.8 2.7 2.8 2.9

Ed (MeV)

Figure ../.25: in A. a 135" experimental plOl ofcounts vs. incident beam energy for the j~O(d, PIJ/-0, in B
is a 15(/' experimental plot normali=ed TV {heI35" Debras et al. data at 2.6 "'-feV [Deb7-::'J.
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E(MeV) C,~(PC) QJ135"
N

d
35" (Counts! pC) er QJl50 Q N",," (Counts! pC) er

1.8 20.2 185 9.16 0.67 2002 99.11 0.22
1.9 20 192 9.60 0.69 912 45.60 0.15
2 26 215 8.27 0.56 2423 93.19 0.19

2.1 20 216 10.80 0.73 1344 67.20 0.18
2.2 20 214 10.70 0.73 1348 67.40 0.18
2.3 20 218 10.90 0.74 1673 83.65 0.20
2.4 20 223 11.15 0.75 1489 74.45 0.19
2.5 20 265 13.25 0.81 1670 83.50 0.20
2.6 20 240 12.00 0.77 2819 140.95 0.27
2.7 20 327 16.35 0.90 1991 99.55 0.22
2.8 20 321 16.05 0.90 2619 130.95 0.26

Table 4.24: Number ofcounts taken/ram spectra oj160(d p/'O reaction at 135" and 15(} .

A

1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2A 2.5 2.6 2..7 2.8 2.9

20.00 --;

18.00 ~

16.00 ~

IT 14.00­

"i 12.00"'
c 10.00;

2. B.OO ~

~ 6.00-

4.00 -,

2.00 -
0.00~~---_-__--_~

1.5

Ed (MeV)

B

16.00 -

14.00 -
~

c::i 12.00­
X
6 10.00 ~

"3 8.00-

fj 6.00;

U 4.00 ~
Z

2.00-
0.00 --- - __- ~

1.5 1.6 1.7 1.8 1.9 2 2..1 2.2 2.3 2.4 2.5 2.6 2...7 2.8 2.9

Ed(MeV)

_______ 135 degrees

---+- 150 degrees

Figure 4.26: Erperimental plots o.(counts -,:s. incident beam energy/or the i~O(d. Pl)rOfor the135" and
I j(t respectiveZv.
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'·O(d, o,)'"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 1500 measurements could be presented. Tbe plot for this measurement could

also be not compared to any literature data, due to the lack of cross sections data in

the literature.

I·O(d,oZ)16N

Tbe plots for the results at 135' and 150' showed a little 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 plots are shown in Fig. 4.28 with their

data in Table 4.26.
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E(MeV) C=(PC) QJlJ5" N
d

35" (Counts / ,ue) CY QdISO" N • (Counts/ 1£) CYcl50

1.8 20.2 26 1.29 0.25 152 7.52 0.61
1.9 20 16 0.80 0.20 146 7.30 0.60
2 26 30 1.15 0.21 165 6.35 0.49

2.1 20 37 1.85 0.30 239 11.95 o.n
2.2 20 28 1.40 0.26 180 9.00 0.67
2.3 20 22 1.10 0.23 143 7.15 0.60
2.4 20 31 1.55 0.28 190 9.50 0.69
2.5 20 34 1.70 0.29 228 11.40 0.75
2.6 20 42 2.10 0.32 333 16.65 0.91
2.7 20 51 2.55 0.36 272 13.60 0.82
2.8 20 34 1.70 0.29 259 12.95 0.80

Table 4.25: Data collectedfor the measurements ofthe I'O(d a/oN at 135" and 15(f.

A

3.50 ~

3.00 ~

q 2.50 .;

! 2.00 ~
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1.5 1.6 1.7 1.B 1_9 2 2.1 2.2 2.3 2A 2.5 2.6 2_7 2.8 2.9

Ed (MeV)

B

20.00 -,
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... 16.00-

~ 14.00­

U 12.00 ~

i 10.00 - -+--150 degrees
§. 8.00·

6.00 ~

!1 4.00.

2.00 ~

0.00 -_-_-_- ~__~_~ _

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed (MeV)

Figure ..J..27: PIOlS of counts vs. beam energy/or the !~O(d, ai6N measurements taken at l3S} and 1j(J'

respective(-r.
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E(MeV) C'nJPC) Qd13 5" N
d35

" (CountS! pe) (J" QdlSOo N"SO" (Counts! pe) (J"

1.8 20.2 18 0.89 0.25 121 5.99 0.54
1.9 20 25 1.25 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
2.2 20 23 1.15 0.27 177 8.85 0.67
2.3 20 25 1.25 0.22 133 6.65 0.58
2.4 20 30 1.50 0.28 179 8.95 0.67
2.5 20 32 1.60 0.32 197 9.85 0.70
2.6 20 47 2.35 0.32 309 15.45 0.88
2.7 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 collectedfor the measurements ofthe i"OM, a,j"N at 135 and 15(/'.

A

3.00

2.50

0 2.00"]
1.50C

Q.

~
1.00 ..,
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~ -+- 135 degrees:

1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed (MeV)
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14.00 -
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£ 8.00­
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Figure -1.27 PloiS of counts vs. beam energy for the JIiOfd, a~/f<"fI.;' measllremenlS taken at 13J-u

and 15(1' respective(l'.
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4.2.5 Results of the 'He+ on boric acid (HBO,) crystaL

1
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0
100 !OO

,

300 ..1.(.1]
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,0;00

Figure: 4.28: A spectntm collectedfor 3He' on boric acid at 2.6 MeV and 15(/'

llB(3He, a;)'''B

These reactions showed to be very weak at low incident beam energies; their lower

residual nuclei states emined particles could not be detected especially by the 135"

detector at the 1.8 - 2.8 MeV incident energy range. However, the reaction showed

strength only for i = 0 when its emined alpha particles were even detected by the 135"

detector. Although the emined 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 could be caused by experimental 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(MeV) Ci~(uc) Q'Il3S" N
d

35" (Counts! p.e) (J Qd150" N
dSO

' (Counts! p.e) (J

1.8 2 3 1.50 0.87
1.9 2 2 1.00 0.71
2 2 2 1.00 0.71 6 3.00 1.22

2.1 2 2 1.00 0.71 3 1.50 0.87
2.2 2 3 1.50 0.87 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 5 2.50 1.12
2.5 2 3 1.50 0.87 7 3.50 1.32
2.6 2 3 1.50 0.87 5 2.50 1.12
2.7 2 3 1.50 0.87 11 5.50 1.66
2.8 2 4 2.00 1.00 9 4.50 1.50

Table 4.27: Data collected/or the ilB(He. o,/'B reaction measurements taken at 135' and 151f.
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EIMeV)
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1.5 1.6 1.7 1.8 1.9 2
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Figure 4.29: Experimental plots ofcounts vs. incident beam energ)for the iIBf3He, al)/JB
measurements taken at 135"' and 15(]' respeclive(v.
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E(MeV) C=(Pc) QdISO" N"sc" (Counts/ pC) (J

1.8 2 2 1.00 0.71
1.9 2 1 0.50 0.50
2 2 2 1.00 0.71

2.1 2 1 0.50 0.50
2.2 2 2 1.00 0.71
2.3 2 2 1.00 0.71
2.4 2 4 2.00 1.00
2.5 2 2 1.00 0.71
2.6 2 3 1.50 0.87
2.7 2 2 1.00 0.71
2.8 2 3 1.50 0.87

Table 4.28: Data collected/or the 11BfHe, O//DB reac/ion meosurements taken at 15(j'.

92



I"B(3ne, Pi)l2e
For this reacrion 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 statisrics at incident energies below

2.3 MeV.

For the 1"B('He, P6)I2C reaction at ISO', the results are presented in Table 4.30 and

Fig 4.31 and its statistics was a bit better compared to the one for i = 5

E(MeV) C,~(PC) Qdl~O" N,150o(Countsl "c) er
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
2.2 2 1 0.50 0.50
2.3 2 2 1.00 0.71
2.4 2 4 2.00 1.00
2.5 2 9 4.50 1.50
2.6 2 21 10.50 2.29
2.7 2 16 8.00 2.00
2.8 2 9 4.50 1.50

Table 4.29: Dala collected/or the lUBfHe. pj),2C reaction measurements taken at J j(».

14.00 ­

12.00 ­

U 10.00 -

"~ 8.00"'

£ 6.QO­
(J

z 4.00-

2.00 -
0.00 ~:E:.~~±:"!..~ _

1.5 1.6 1.7 1.8 1.9 2 2.1 22 2.3 2.4 2.5 2.6 2.7 2.8 2.9

E(MeV)

-+-150 degrees

Figure ~.30: Er:perimel1ta/ plot ofcounts vs. incident beam energyfor th/(iBrHe, ps/::C
measurements taken at 150·' .
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E(MeV) C=(Pc) QJlSO~ N'15<1' (Countsl.uC) (J'

1.8 2 3 1.50 0.87
1.9 2 2 1.00 0.71
2 2 2 1.00 0.71

21 2 2 1.00 0.71
2.2 2 3 1.50 0.87

2.3 2 6 3.00 1.22
2.4 2 3 1.50 0.87
2.5 2 5 2.50 1.12
2.6 2 3 1.50 0.87
2.7 2 13 6.50 1.80
2.8 2 10 5.00 1.58

Table 4.30: Data collected/or the /UB{ He. PI/2e Teaction measurements taken at 15(f.

9.00 ­

8.00 ,
7.00 _

~ ::~~ -
c -+-150 degrees
!:!. 4.00

~ 3.00

2.00
1.00 ,
0.00 --_--=c--_~-__---~

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

E(MeV)

Figure 4.31: £l:perimental plot ofcounts vs. incident beam energyfor the/!JB('He. Pr/ 2B
measurements taken at 15(f'.
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IlB(3He, d;)12C

This reaction's emitted deuterons could only be detected by tbe 1500 detector at i = 2

and 3, This is presented in Table 43 I and Fig, 432; tbis 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 ttends, For i= 3 the data is presented in Table 432

and Fig, 433

E(MeV) Cj~(PC) Qdl50D N,,,,,,(Collnts! ,ue) (j

1.8 2 3 1.50 0.87
1.9 2 4 2.00 1.00
2 2 7 3.50 1.32

2.1 2 4 2.00 1.00
2.2 2 3 1.50 0.87
2.3 2 5 2.50 1.12
2.4 2 3 1.50 0.87
2.5 2 10 5.00 1.58
2.6 2 5 2.50 1.12
2.7 2 10 5.00 1.58
2.8 2 5 2.50 1.12

Table 4.31: Data collected/or the }JB(He. dJ!2C reaction measurements taken at 15(f'.

7.00,

6.00 -

5.00 ­
ij
~

~ 4.00 ~

"~ 3.00-
u
z 200-

1.00 ':

T

-+- 150 degrees

D.DO '----- --_- _

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 23 24 2.5 2.6 2.7 28 2.9

E(MeV)

Figure 4.32: E-rperimentaI plOT ofcounts vs. incident beam energyfor the llB/He. d j i2C
measurements taken at 15(J' .
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E(MeV) Ci~(uc) QdISO" N'15if (CountsllJC) (j

1.8 2 5 2.50 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
2.2 2 5 2.50 1.12
2.3 2 9 4.50 I 1.50
2-4 2 10 5.00 1.58
2.5 2 14 7.00 1.87
2.6 2 12 6.00 1.73
2.7 2 7 3.50 1.32
2.8 2 19 9.50 2.18

Table 4.32: Dato collected/or the JlBfHe, d_/2C reaction measurements taken at 150'.

14.00 ,

12.00 -

10.00 ­
U
::>S 8.00;

"2. 6.00
u
z

4.00 '

2.00 ,

__ 150 degrees·

0.00 ~~~-~~--=------~~--~--

1.5 1.6 1.71.8 1.9 2 2.1 2.22.32.4 2.5 2.62.72.82.9

E (MeV)

Figure 4.33: E"Cperimental plot qfcounts vs. incident beam energyfor the llB/He. d 3/::C
measurements taken at J5ff .
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4.2.6 Results ofthe n+ on Boron carbide (B4C/SiOz).

Energy (}.fe\Y')

1 " ,
l~lO4-

LO II
1uS(d, d) lUS ~

1
"0 os 1~ 1US(d. Pl)l1S:.--
;;

Ol'\
"B(d \\

N
, Pz "B(d, Pe)"B

-j
~ 1

" \)V~1j J~

O-f.
2 i

1/ ',,-,\ "0_1 ,--,,
"B(d, P,)"B '\

,
~J00

tOO 200 300 40(1 :;'00 600

ChanneL

Figllre 4.34: A spectntm collected/or deuterons on B.jC/SiO;:af 2.6 A1eV

H'B(d, 1'1)11B

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

4.39.

For j = 0, the results never looked the way they were expected to 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 1350 gave a very poor statistics then the 1350 measurements were not

included but they do appear in Table 4.33, The plot for these results is presented in

Fig. 4.35 as well.

For i = I, again a very poor qualiry statistics for the 1350 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 presents the plot of the 150' measurements.
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In the i ~ 2 measurements, the ISO' boron carbide measurements seemed more

following the 1350 boric acid measurements trend than the 150°, where as the 1500

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 1500 measurements gave a better statistics with the 1350

boron carbide measurements deviating from the boric acid measurements at 2.1 and

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

For i ~ 4, the data 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 ISO' 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(UeV) Ci~(PC) Qdl3S" 11',135' (Counts I pC) (J QJ150" 11' •(Counts IpC) (J,,150

1.8 20 12 0.60 0.77 38 1.90 0.31
1.9 20 13 0.65 0.81 31 1.55 0.28
2 20 11 0.55 0.74 39 1.95 0.31

2.1 20 6 0.30 0.55 37 1.85 0.30
2.2 20.2 13 0.64 0.80 49 2.43 0.35
2.3 20 15 0.75 0.87 42 2.10 0.32
2.4 20 12 0.60 0.77 48 2.40 0.35
2.5 20 10 0.50 0.71 73 3.65 0.43
2.6 20 17 0.85 0.92 68 3.40 0.41
2.7 20 9 0.45 0.67 65 3.25 OAO
2.8 25.2 10 0.40 0.63 70 2.78 0.33

Table 4.33: Data collected/or the jOB(d, Poll B reaction measurements taken at 135" and J5ff.

4.50 -

4.00

3.50 ~

0" 3.00 ~

~ 2.50
C
£ 2..00

~ 1.50

1.00 ­

0.50 -

o.oo-i---~~~~-~----~---_-__-~_
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2..7 2.8 2.9

Eel (MeV)

~ 1SO degrees "

Figure -t.35: El:perimenral plot Qfcounts vs. incident beam energ;:for the j/jBfd, Pu)! j B
measurements taken at 15(/' .
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E(MeV) Cj~&LC) Qdl35· N'\3S" (COlmtS! pC) (J Q'il50a N
dSO

" (Counts! 1lC) (J

1.8 20 9 0.45 0.15 32 1.60 0.28
1.9 20 11 0.55 0.17 27 1.35 0.26
2 20 12 0.60 0.17 38 1.90 0.31

2.1 20 38 1.90 0.31 50 2.50 0.35
2.2 20.2 9 0.45 0.15 57 2.82 0.37
2.3 20 22 1.10 0.23 59 2.95 0.36
2.4 20 17 0.85 0.21 67 3.35 0.41
2.5 20 40 2.00 0.32 58 2.90 0.36
2.6 20 38 1.90 0.31 78 3.90 0.44
2.7 20 19 0.95 0.22 88 4.40 0.47
2.8 25.2 16 0.63 0.16 125 4.96 0.44

Table 4.34: Data collectedfor the wB(d, Pl/JB reaction measurements taken at 13S' and 15(f.

6.00,

5.00 •

0" 4.00·

'"Sg 3.00

o
z 2.00

1.00

. --+- 150 degrees!

0.00~~~~~~~~~~~~~~~~~~~~

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ell (MeV)

Figure -1.36: Elperimenlal plot ofcounts vs. incident beam energrfor the //lBfd,Pl/!B
measurements taken at 15(j' .
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E(MeV) C.. (uc) QJ1W N
d3S

" (Counts I pC) (Y Q"150~ N,,,,. (Countsl pC) (Y

1.8 20 17 0.85 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 0.67

2.1 20 21 1.05 0.23 206 10.30 0.72
2.2 20.2 25 1.24 0.25 219 10.84 0.73
2.3 20 30 1.50 0.27 223 11.15 0.75
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
2.6 20 48 2.40 0.35 280 14.00 0.84
2.7 20 50 2.50 0.35 299 14.95 I 0.86
2.8 25.2 26 1.03 0.20 522 20.71 I 0.91

Table 4.35: Data collectedfor the IOB(d pJJ/JB reaction measurements taken at 135" and J5ff.

A

3.00 -;

2.50

r; 2.00

S
~ 1.50 ~

£
o 1.00
Z

0.50 -

__ 135 degrees,

O.OO~.-~~~----~~-----~_--~

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed (MeV)

25.00 -

20.00 -

U
.2 15.00-

~
2-
(J 10.00­
Z

5.00

B

---+-- 150 degrees

0.00 -------------------
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed(MeV)
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E(MeV) C"" (JLc) Qdl 3S" N d3S" (Counts! pC) er QJ150" Nd;O" (Counts! pC) er
1.8 20 20 1.00 0.22 109 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
2.2 20.2 38 1.88 0.31 209 10.35 0.72
2.3 20 48 2.40 0.35 205 10.25 0.72
2.4 20 45 2.25 0.34 218 10.90 0.74
2.5 20 60 3.00 0.39 272 13.60 0.82
2.6 20 45 2.25 0.34 305 15.25 0.87
2.7 20 59 2.95 0.38 354 17.70 0.94
2.8 25.2 78 3.10 0.35 521 20.67 0.91

Table 4.36: Data collected/or the If/B(ei. P3)"B reaction measurements taken at 135" and 15(/'.

A

4.00

3.50

U 3.00 1
~ 2.50
Sa 2.00 -+-135 degrees;

U 1.50
Z 1.00..;

0.50

0.00 ~~~~~~~~~~~~~~~~~

1.5 1.6 1.7 1.8 1.9 2 2.1 22 2.3 2,4 2.5 2.6 2.7 2.8 2.9

Ed(MeV)

B

25.00 -

20.00 -

u
~ 15.00-

=£. 10.00 ~
oz

5.00 -

--+- 150 degrees

0.00 ~~------_- -

1.5 1.6 1.7 1.8 1.9 2 2., 2..2 2-3 2.4 2.5 2.6 2.7 2.8 2.9

E<l (MeV)

B
Figure 4.38: £-rperimental plOI ofcounts \'5. incident beam energyfor [he ]OBfd, P3) /E
measurements taken at 135'" and 15(J' respectively.

102



E(MeV) Cin< (,uc) QJl35" N d35" (CountS! pC) (J QJ150 Q N
c15if

(Counts!,tt::) (J

1.8 20 551 27.55 1.17 5116 255.80 3.58
1.9 20 369 18.45 0.96 5006 250.30 3.54
2 20 498 24.90 1.12 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 1.14 2728 136.40 261
2.4 20 418 20.90 1.02 2687 134.35 259
2.5 20 473 23.65 1.09 2894 144.70 2.69
2.6 20 566 28.30 1.19 3281 164.05 286
2.7 20 578 28.90 1.20 3253 162.65 285
2.8 25.2 728 28.89 1.07 4425 175.60 264

Table 4.37: Datacollectedfor the ]IJBfd, P.J/1B reaction measurements taken at J35" and J5ff,

A

35.00 -

30.00 -.;

U 25.00
~ ,
.!l: 20.00 ~

~

2.. 15.00
U
Z 10.oo~'

5.00 -

0.00------~-~------~--__

1.5 1.6 1.7 1.8 1.9 2 21 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed(MeV)

B

300.00 -

250.00 ­

[,- Zoo.oo -
~e. 150.00-

~ 100.00-

SO.OO -

0.00~_-----------_- -

1.5 1.6 1.7 1.8 1.9 2 2.1 22 23 2.4 2.5 26 2.7 2.8 2.9

Ed (MeV)

-+-135 degrees:

---..-150 degrees

Figure ~_39: £'(perimental plot ofcOUnlS vs. incidenr beam energyfor [he jliBfd, p.;/IB
measurements raken at 135" and 1j(f respecfive(r.
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IIB(d, PO)12B

The results presented in Table 4.38 and Fig. 4.40 showed to follow the same trends.

both 135 and 1500 they resembled the plot of 1500 boric acid measurements with only

one deviation at 2.5 MeV.
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E(MeV) C",,(,uc) QJ135" Nd35• (Counts! 1£) () QJ1SOo Nd5if (Counts! .ue) (j

1.8 20 191 9.55 0.69 928 46.40 1.52
1.9 20 210 10.50 0.72 890 44.50 1.49

2 20 195 9.75 0.70 1262 63.10 1.78
2.1 20 594 29.70 1.22 2212 110.60 2.35
2.2 20.2 681 33.71 1.29 3119 154.41 2.76
2.3 20 646 32.30 , 1.27 3987 199.35 3.16
2.4 20 714 35.70 1.34 3589 179.45 3.00
2.5 20 672 33.60 1.30 4122 206.10 3.21
2.6 20 639 31.95 1.26 4472 223.60 3.34
2.7 20 546 27.30 1.17 4010 200.50 3.17
2.8 25.2 713 28.29 1.08 4854 192.62 2.76

Table .J.38: Data collectedfor the 11 B(d. pu/2B reaction meaSllrements taken at 13S' and 15(1'.

A

40.00

35.00

0 30.00

~ 25.00
Sc 20.00
oo15.00

Z 10.00

5.00 ~

0.00~·-~~~-~~-~~~-_---_~__~

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2S 2.6 2.7 2.8 2.9

Ed (MeV)

B

250.00 -

ZOO.oo -

(j

~ 150.00-

oU 100.00 ­
Z

50.00 -

0.00 --------------- _

1.5 1.6 1.7 1.8 '.9 2 2.1 2.2 2.3 2.4 2.5 2_6 2.7 2.8 2.9

Ed (1IeV)

-.- 135 degrees'

-+- t 50 degrees

Figure -1.40.- £"perimental plot ofcOUn/S vs. incidenT beam energyfor rhl: ! ;'B(d PIl/:lB
measurements wken at 135" and Ij(J".
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l"B(d, f1<l)8Be

All the plots ofthis reaction results had a staristics of poor quality so they were never

plotted even the data was neither presented.

"'B(d, U,)8Be

Table 4.39 and Fig. 4.41 presents the data and a plot for this reaction measurements,

poor statistics was observed for the 135' measurements so their plots could not be

ploned. The 150' 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.

E(MeV) C=(,ue) QJ135° "\135" (COl/nts / ,ue) CY Qdl50 u .IV,,;,_ (COl/nts!.uC) CY
1.8 20 5 0.25 0.11 25 1.25 0.25
1.9 20 10 0.50 10.16 28 1.40 0.26
2 20 11 0.55 0.17 43 2.15 0.33

2.1 20 16 0.80 0.20 55 2.75 0.37
2.2 202 13 0.64 0.18 61 3.02 0.39
2.3 20 16 0.80 020 40 2.00 0.32
2.4 20 17 0.85 021 49 2.45 0.35
2.5 20 20 1.00 0.22 55 2.75 0.37
26 20 8 0.40 0.14 69 3.45 0.42
2.7 20 10 0.50 0.16 68 3.40 0.41
2.8 25.2 16 0.63 0.16 8a 3.49 0.37

Table .1.39: D01a collecTedfor the If/Std. ai/Be reaction measurements taken at 135 and J5(/',

T

4.50 -

4.00 •

3.50 -

iJ 3.00 ­

"j 2.50 -

8 2.00 ­
i3"
Z 1.50-

1.00 _

0.50 _

0.00~------------ ~

1.5 1.6 1.7 1.6 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed (MeVI

-.-150 degrees

Figure 4.4/: £TfJ€rimental plot a/counts rs. incident beam energy/or the !IIBfd, all' IB
measurements taken af /5(J' .
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n q d, po)13C

In Table 4.40 and Fig. 4.42. the ISO' 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' [Deb7?]. 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 oferror bars.

Hqd, Pl)13C

Both the 135° and ISO' 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

1500 plot followed the trends of one another. Table 4.41 and Fig. 4.43 show data and

the plots of these results.

12C(d, Pz)13C

Very poor results were observed for this reaction, which had very huge variations

from Kokoris et al. [Kok06j cross section data to which they normalized at 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(MeV) C",,(PC) QJ135~ N,,,," (Counts / pC) (7' Q"150" N'l5<t' (Counts/,ue) (7'

1.8 20 321 16.05 0.90 1957 97.85 221
1.9 20 333 16.65 0.91 1842 92.10 215
2 20 331 16.55 0.91 1586 79.30 1.99

2.1 20 346 17.30 0.93 1619 80.95 201
2.2 20.2 379 18.76 0.96 2043 101.14 224
2.3 20 352 17.60 0.94 1987 99.35 223
2.4 20 508 25.40 1.13 2088 104.40 228
2.5 20 369 18.45 0.96 1984 99.20 223
2.6 20 587 29.35 1.21 1694 84.70 2.06

27 20 381 19.05 0.98 1440 72.00 1.90
2.8 25.2 647 25.67 1.01 1951 n.42 1.75

Table 4.40: Data collectedfor the l1C(d. Pr/3e reaction measurements taken at 135 and 15(J1.
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:: 35.00­
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x 25.00-
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Figure 4..J2: In A, £TfJ<?rimental plot ofcOlmts vs. incident beam energy/or the l~Crd, p(!)13C
measurements Iaken at 135"" in B a 15(F plOT normalized at 1.2 AfeV to The cross sections data found
by Debras et al. at 13S'[Deb-7 .
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E(MeV) C,~(PC) Qd135" N
d35

" (Counts / pC) (J Qd150" N<\s", (Counts/ pC) (J

1.8 20 889 44.45 1.49 4927 246.35 0.35
1.9 20 845 42.25 1.45 4616 230.80 0.34

2 20 977 46.85 1.56 3344 167.20 0.29
2.1 20 657 32.85 1.28 3354 167.70 0.29
2.2 20.2 628 31.09 1.24 3394 168.02 0.29
2.3 20 658 32.90 1.28 3423 171.15 0.29
2.4 20 778 38.90 1.39 4404 220.20 0.33
2.5 20 1281 64.05 1.79 9299 464.95 0.48
2.6 20 1078 53.90 1.84 5980 299.00 0.39
2.7 20 1147 57.35 1.69 7663 383.15 0.44
2.8 25.2 1625 64.48 1.60 7603 301.71 0.35

Table 4.41: Data collected/or the I1C(d p,/3C reaction measurements taken at 135 and /5a'.

A

70.00 ~
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5.00 .
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Figure 4.-13: Erperimental plot ofcounts vs. incident beam energy/or the 12C(d, Pf/ 3C
measurements wken at 135 and 15U) respectively
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E(MeV) C"",(PC) QJ135" N
d35

• (Counts / /lC) (J Qd150~ N e150" (Counts / /lC) (J

1.8 20 1070 53.50 1.64 4546 227.30 3.37
1.9 20 1160 58.00 1.70 5131 256.55 3.58

2 20 2072 103.60 2.28 5287 264.35 3.64

2.1 20 962 48.10 1.55 4238 211.90 3.25

22 20.2 919 45.50 1.50 3720 184.16 3.02

2.3 20 952 47.60 1.54 3865 193.25 3.11

2.4 20 948 47.40 1.54 3725 186.25 3.05

25 20 960 48.00 1.55 4134 206.70 3.21

2.6 20 1085 54.25 1.65 5083 254.15 3.58
2.7 20 1049 52.45 1.62 6951 347.55 4.17

28 25.2 1463 58.06 1.52 6899 273.77 3.30

Table ~.~2: Data collected/or the nC/d. p:/3C reaction measurements taken at 135 and 150'.

A

120.00 ~

100.00

U
:0 80.00
j
c:

60.00 •:0
0
£ 40.00 -:
0
Z

--+-135 degrees

20.00 -

0.00 -'-----~---~--------
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2A 2.5 2.6 2.7 2.8 2.9

Ed (MeVl

B

.. .
8.00 ­

7.00 .

~ 6.00­
II_ 5.00-
o3 4.00 ~

~ 3.00­

~ 2.00-

1.00 -

•

•

•
•.....

-+--Expnt1

--- Kokl<Dns

--0.00 --'---'-----------------_

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.& 2.9

Ed (M.V)

Figure 4.4-1: Erperimental plots C!f counts vs. incident beam energy/or the f2C (d, P2JJ3C
measurements taken at 13Y and a J5f1'plot normali::.ed to Kokkoris et al. cross section data (J/ 1 .8 J'vteV
measured at 15(1' [Kok06J.
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BC(d, PO)I4C

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 1350 counts were still very low. 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(MeV) C,~(,uC) QdJ35 0
N ,., (Counts / pC) a Qd150" N

d50
, (Counts/ pC) alcl~,

1.8 20 12 0.60 0.17 22 1.10 0.23
1.9 20 11 0.55 0.17 55 2.75 0.37

2 20 16 0.80 0.20 51 2.55 0.36
2.1 20 21 1.05 0.23 78 3.90 0.44
2.2 20.2 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 4.10 0.45
2.5 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 2.75 0.37 87 4.35 0.47
2.8 25.2 73 2.90 0.34 113 4.48 0.42

Table 4.-13: Data collectedfor the l3erd. Pri.JC reaction measurements taken at 135 and 150'.

6.00.

5.00·

0- 4.00-
~

S
c 300.-'
Bo'
o
z 2.00·

1.00 .

-+--150 degrees

0.00~----------~---~----
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Ed (lleV)

Figure -4.-15: £"Cperimenral plot ofcounts vs. incidenl beam energy for the j3C(d Pu/ ....C
measurements raken at 15(f .
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)·O(d, PO)170

The results of this reaction for boron carbide silicate measurements never followed

the trends of the results of the same reaction found in carbon foil and boric acid

measurements. This is suspected to be caused by experimental errors and the

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

).O(d, p.)'70

The plot of these results at 135° seemed to follow the trends observed on the results

for carbon foil at incident energies less than 2.0 MeV. however. it started deviating at

all ",nergies greater than 2.0MeV. Table 4.45 and Fig. 4.47 present these results.
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E(MeV) C;~(PC) Qdm~ N
d3

'S' (Counts! j£) (J Qd150~ NolI'" (Counts! pC) (J

1.8 20 665 33.25 1.29 3453 172.65 0.29
1.9 20 507 25.35 1.13 4565 228.25 0.34
2 20 603 30.15 1.23 3581 179.05 0.30

2.1 20 420 21.00 1.02 2995 149.75 0.27
2.2 20.2 420 20.79 1.01 2873 142.23 0.27
2.3 20 470 23.50 1.08 2781 139.05 0.26
2.4 20 425 21.25 1.03 2509 125.45 0.25
2.5 20 479 23.95 1.09 2824 141.20 0.27
2.6 20 520 26.00 1.14 3181 159.05 0.28
2.7 20 585 29.25 1.21 3253 162.&5 0.29
2.8 25.2 662 26.27 1.02 4583 181.87 0.27

Table 4.44: Data collected/or the l6O(d. p,,)JC0 reaction measurements taken at J35 and 15(J'.

A

40.00 -

35.00

_ 30.00
()

~ ::::-
£u 15.00-

Z 10.00-,

5.00 J

o.oo~~~~~~--~-~---~~--~_

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2..7 2.8 2.9

Ed (MeV)

B

25.00 -

--+-135 degrees

_ 20.00-

~
0" 15.00­
~:! ---+- t 50 degrees
~ 10.00-

o
Z 5.00-

0.00~~--------~---------
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 23 24 2.5 26 27 2..8 29

Ed/lleV)

Figure 4.46: Experimental plol qfcounts vs. incident beam energyfor the l(jO(d p/))r0
measurements laken aJ /35'and 15a'respeclive~1'.
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E(MeV) C=(uc) QJ135" N~'l;,sv (Counts / pC) a Qd150~ N"Sft' (Counts! pC) a
1.8 20 140 7.00 0.59 713 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

2.1 20 693 34.65 1.32 3519 175.95 0:30
2.2 20.2 733 36.29 1.34 3929 194.50 0.31
2.3 20 773 38.65 1.39 4768 238.40 0.35
2.4 20 718 35.90 1.34 4501 225.05 0.34
2.5 20 580 29.00 1.20 4384 219.20 0.33
2.6 20 530 26.50 1.15 3819 190.95 0.31
2.7 20 569 28.45 1.19 3733 186.65 0.31

2.8 25.2 704 27.94 1.05 4598 182.46 0.27

Table 4.45: Data collectedfor the 160(d, pi'0 reaction measurements taken at 135 and IHI'.

A

..

1.6 1.7 1.6 1.9 2 2.1 22 2.3 2.4 2.5 2.6 2.7 2.8 2.9

45.00 -

40.00 ­

35,00 J
6 3000 J" .
~ 25.00-

"~ 20.00-

~ 15.00

10.00

5.00

0.00 ~~-~~-~~-~--~---------

1.5

Ed (MeV)

B

30.00 -

__Expntl

___ Debras';

25.00 --Q
~ 20.00­

oi 15.00-

"2.. 10.00-
o
Z

5.00 -

--+- 150 degrees

o.oo-~----~--~------------

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 23 2.4 2.5 26 2.7 28 2.9

Ed (MeV)

Figure 4.47: ETperimemal pIal ofcounts vs. incident beam energrfor the ](,Ofd, Pl)r0
measurements taken at 13)") normalb::d to Debras et al cross sections measurements at 2.1AJeV
and 151t respectively[Deb77].
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160 (d, 00)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 on boric

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

E(MeV) C""'(uc) QJ1350 N ..• (Counts i ,uC) (j QdISO<> N<J'" (Counts / pe) (jcb:J

1.8 20 673 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 0.30
2.2 20.2 374 18.51 0.96 206 10.20 0.28
2.3 20 431 21.55 1.04 192 9.60 0.28
2.4 20 424 21.20 1.03 290 14.50 0.28
2.5 20 418 20.90 1.02 287 14.35 0.27
2.6 20 484 24.20 1.10 332 16.60 0.27
2.7 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 collected/or the 160 fd, aIJ/.JN reaction measurements taken at 135 and J5ff,

B

30.00 ~

.- 25.00-

~ 20.00 -

",~ 15.00-
~

~ 10.00
<J
Z 5.00-

-+- 150 degrees

Figure 4.48: Erperimental plot C?f counts vs. incident beam energy/or the ,If'O(d, a.(Jj~.v

measurements taken at 13j and 15rt' reseectivelr_
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4.2.7 Results of the JRe+ on B4C/SiOzo

These results were not presented here, however it is believed that they would have

behaved the same as the ones for D+ on B4C/SiOz, The results of the D' on B4C/Si02,

especially the ones of deuterons on boron targets seemed to be the same as the ones of

deuterons on boron 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 1350 and 1500 scattering angles. This was

partially achieved by calculating the number of detected countJ> 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 oxygen 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 gotten 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 lle and 1.0 on the surface. however different lactors

were obtained. This factor was then going to be used 10 multiply the collected data of

nonnalized counts to give nuclear reaction cross 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 to

be used to calculate cross sections for all the reactions measurements. This method

was rendered by the composition of the surface of the oxygen 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 Llli 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 fmding the composition of the target could not be implemented

since the composition ofthe 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 points. 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 1350 compared to at 1500 in most reactions. And this

led to some of the 1350 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 ofuncertainties and

to have confidence in the measurements.

According to statistics of radiarion events. the standard deviation III number of

detected counts is calculated using:

Where Qd is the number ofdetected 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, error = cr, for 95.0%

level of confidence error =2<:5 and for 99.7% level of confidence error =3<:5.

% error is then calculated by: ..{Q; x 100% [htt04].
Q,
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AppendixB

E(MeV) er(mb)
1.8 29.2

1.82 24.8

1.84 22.9

1.86 23.5

1.88 27.7

1.9 34.5

1.92 30A

1.94 33

1.96 30.5

1.98 31.3

2 35.4

2.02 35

2.04 35.8

2.06 34.4

2.08 34.9

2.1 34.9

2.12 33.3

2.14 32.1

2.16 32.5

2.18 32.4

2.2 31

2.22. 31.1

2.24 30.1

2.26 29.2

2.2' 26.2

2.3 27

2.32 24.9

2.34 23.2

2.36 22.1

2.38 20.7

2A 19.6

2.42 19.4

2.44 18.9

2.46 1 18.8

2.48 i 19.3

2.5 i 25.4

2.5£T 18A
2.54 I 17.3

2.56 I 16.8

2.58 ! 16.5

2.6 I 16.7

2.62 I 17.1

2.64 ) 17.7

2.661 18.5

2.681 20.5

2.7 \ 22.1

2.72 : 19.9

2.74 ( 17.1

2.76 ! 15.4

2.78 ! 15.8 ,

2.8 i 17.1 -j

E(Me\l1 er(mb)
1.624 0.37

1.648 0.4

1.673 1.2

1.696 3.4

1.723 5.7

1.749 5.6

1.773 5.2
1.799 4.9

1.824 6.9

1.849 5.1

1.874 3.2

1.899 2.1

1.924 1.6

1.949 1.1

1.974 1.1

1.999 1.2

B

A

Tab!e A and B da,~a collected by Debrasfor rhe "Od. pjjc reaction ar 13J-'[Deb77 B datafolmd I:r
Kokkorisforthe ·'Od p'/'C [Kok06] resepecri....!)"
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2.514 ,I 7.461)

2.47 ) 5.819 j

2.401 I 5601 I

2.617 I 8.4 I

2487 I 7.149 \

2. 569 1 7.742 i

2.538 ,i 7.976 )

2.4291 4.79

2.597 I 7.477 j

E(MeV) O"(rnb)
1.808 4.463

1.825 5.385

1.849 5.593

1.877 5.109

1.89 7.337

1.911 9.178

1.924 10.51

1.951 13.98

1.964 16.64

1.987 19.5

2.011 2.2.57

2.044 28.86

2.081 30.95

2.102 32.38

2.123 31.06

2.133 29.63

2.144 28.51

2.155 24.64

2.18 22.6

2.201 20.56

2.= 18.42

2.244 15.16

2.258 12.72

2.282 10.99

2.293 8.845

2.311 7.318

2.342 8.039

2.366 . 8.758

2.383 7.435 ,

'r-_-,2.~64""-t-i_-'.12.=9"--1
2.661! 11.88 I

E(MeV) O"(mb)
1.808 1.61

1.831 1.68

1.853 1.58

1.879 1.74

1.9 1.7

1.947 1.8

1.989 1.73

2.038 1.81

2079 1.83

2.106 1.95

2.127 2.12

2.144 2.23

2.165 2.5

2.19 2.51

2.209 2.73

2.23 2.81

2256 2.73

2.279 2.4

2.302 2.12

2.279 2

2.322 1.74

2.35 1.74

2399 1A9

2.442 1.74 1

2.486 2.03 1

2.531 2.18 j

2.578 2.28

2.623 2.1 i
2673 2.1

2.721 1.81 !
2768 1.77 )

2.813 1.84

c
2.692 i 11.68 1

2.703 i 10.25 )

2.7V I 11.48 I
2.734 i 12 !

2.74 ! 12.71

2.761 i 13.43 :

D2.795 \ 14.15 I

,
2.785 i 13.03 !

Table C and D cross section
respective(v [Deb 77].
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E(MeV) a(mb)
1.n4 0.06

1.B78 0.17

1.957 0.15

2.039 0.25

2.088 0.43

2. 152 0.43

2.194 0.55

2.232 0.49

2272 0.63

2.31 0.92

2.356 1.13

2.393 1.49

2.432 1.74

2.473 2.02

2.513 2.31

2551 2.9

2.596 2.97

2.641 3.16

2.681 3.94

2.721 4.04

2.769 4.13
2.823 3.87

E

E(MeV) a(mb)
1.772 0.062

1.879 0.144

1.963 0.217

2.037 0.414

2.088 0.474

2.142 0.798

2.187 0.914

2.227 1.475

2.255 2.37

2.29S 2.575

2.34 3.706

2.376 . 3.787

2.423 I 3.696

2.481 , 2.28

2.525 2.642

2.573 2.282

2.619 2.322

2.665 1.999

2.715 1.927

2.755 I 2.035

2.809 1.54

F

E(MeV) a(mb)
1.777 0.14

1.886 0.24

1.951 0.34

2 0.48

2.045 0.65

2.096 0.98

2.155 1.25

2.198 1.25

2.216 1.49

2.245 1.71

2.274 2.14

2.285 2.61

2.331 2.93

2.368 3.2

2.466 2.46

2.509 2.03

2.55 1.57

2_593 1.26

2.631 0.94

2.692 0.5

2.733 0.43

G

. I".a /< l' ;;!~
Table E, F and G cross sectIOn data co/leCIed by Kuan et al.far the -er He, Pr!) -C. -er He, PiJ -C
py 13C reaction at 135" respectil'e~l' [Kua6.J).
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Appendix C
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Figure J: Energy level schemes diagram of IJ B [AJZ88].
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