
lntense pulsed neutron generation based on the principle of

PIasma lmmersion lon lmplantation (Pl3) technique

Motloung, Setumo Victor

A thesis submitted in partial fulfilment of the requirements for the Magister

Scientiae degree in the Department of Physics, University of the Westem Cape

Supervison Dr Chris. B. Franklyn (NECSA)

Promoter: Prof. R. Lindsay (UWC)

December 2006

By

http://etd.uwc.ac.za/



lntense pulsed neutron generation based on the principle of

PIasma Immersion lon lmplantation (Pl3) technique

Motloung, Setumo Victor

Keywords

Plasma lmmersion lon lmplantation (P13) technique

lntense pulsed neutron generator

Mono-energetic neutrons

D-D and D-T reactions

Titanium target

HV pulse power supply

Plasma chamber

RF power supply

Neutron monitor and detectors

Neutron detection techniques

http://etd.uwc.ac.za/



Abstract

lntense pulsed neutron generation based on the principle of

Plasma lmmersion lon lmplantation (PI3) technique

Motloung, Setumo Victor

M.Sc thesis, Department of Physics, University of the Western Cape

The development of a deuterium{euterium/ tritiumdeuterium (D-D/ D-T) pulsed

neutron generator based on the principle of the Plasma lmmersion lon

lmplantation 1Pl) technique is presented, in terms of investigating development

of a compact system to generate an ultra short burst of mono-energetic neutrons

(of order 1910 per second) during a short period of time (.20ps) at repetition

rates up to 1 kHz. The system will facilitate neutron detection techniques, such

as neutron back-scattering, neutron radiography and time-of-flight activation

analysis.

Aspects addressed in developing the system includes (a) characterizing the

neutron spectra generated as a function of the target configuration/ design to

ensure a sustained intense neutron flux for long periods of time, (b) the system

was also characterised as a function of power supply operating conditions such

as voltage, cunent, gas pressure and plasma density.
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CHAPTER 1

Introduction

1.1 Neutron discovery

In 1930, the German physists W. Bothe and H. Becker made a very great

discovery about the neutron. They found that if the very energetic alpha

particle emitted from polonium fell on light elements, such as beryllium, boron,

or lithium, an unusual, very penetrating radiation was produced. At first they

thought the radiation consisted of gamma radiation, although it was more

penetrating than any gamma rays then known [Jef58] and the details of the

experiment were very difficult to interpret on this basis.

lrene Joliot-Curie and Frederic JolioGCurie reported the next important

contribution in 1932. They found that when this unknown radiation was

directed onto a paraffin target or any other hydrogenous material, it caused

protons of very high energy to be ejected [htt01]. Using the analogy of the

Compton Effect they then proved that the new type of radiation was not

gamma radiation (see Fig 1.1 below) but must be a particle with mass.

Furthermore, from the Compton Effect, they knew that photons do not have

enough energy to eject protons from a paraffin target [htt01].

]photon
no recoil

hv (photon) recoil electron
o

electron flight)
Compton effect

Fig 1.1. Schematic of the Compton Eftect [htt01].

I

proton (heauy)
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The above Fig 1.1 tries to illustrate that the electron is about 1836 times

lighter than the proton and, therefore, recoil is much more pronounced for the

electron than for the much heavier proton after colliding with a photon.

Finally, later in 1932 the physicist James Chadwick in England performed a

series of bombardment experiments, whereby he bombarded paraffin,

beryllium, helium, nitrogen and targets made of other elements using

hydrogen as projectile. Comparing the energies of the recoiled charged

particles from the different targets, he found that beryllium emitted a new type

of radiationl, which he suggested was comprised of uncharged particles of

approximately proton mass. These new uncharged particles were called

neutrons, from the Latin root for neutral [htt02, Jef58]. In conclusion, it is clear

that the penetrative nature of the neutron was discovered before the neutron

itself.

1.1.1 Properties and classification of neutron

The neutron is a subatomic particle with no net electric charge and mass of

939.573 MeV/C (.6749 x 10-27 kg slightly more than a proton, and 1839

times that of the electron). lt is stable when bound in an atomic nucleus, but

outside the nucleus, the neutron is unstable and has a mean lifetime of 886

seconds (about 15 minutes with an, uncertainty of about 2s). Protons and

neutrons form the entire mass of atomic nuclei [htt02, htt03]. The nucleus of

most atoms consists of protons and neutrons, but there is one exception in

this regard, that is, the most common isotope of hydrogen (protium), which

consists of a single proton only. There are two other isotopes of hydrogen;

. Deuterium (2H) consisting of a proton and neutron and

o Tritium (3H) consisting of a proton and two neutrons, which is unstable

with a half-life of 12.3 years.

The protons and neutrons (nucleon) inside the nucleus are typically

resonating between each other; by the emission and absorption of pions

these nucleon particles are transformed into one another. A neutron is

classified as a baryon, and consists of two down quarks and one up quark. lts

tA stream of particle or electromagnetic waves emitted by an atom as a result of nuclear decay or de-excitation.

2
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spin is Tz; has a magnetic moment of 1 .9132 nuclear magnetons and its

antiparticle is the antineutron. The De Broglie relation relates its energy and

wavelength if it is moving at relativistic speeds by:

, =,% (1 1)

whereE and )" are the particle energy and wavelength, respectively; h is

Plank's constant (o.oxto-'o J.s) and c is the speed of light. The particle

wavelength is defined as:

)"=c//U (1 2)

where u is the particle frequency

The number of neutrons in atomic nuclei determines the isotope of an

element. The term isotope is defined as atoms of the same element having

the same atomic number, but different masses due to the different number of

neutrons [htt03]. Thus a nucleus X, is made up of Z protons and i[ neutrons

(nucleons), with the notationlX*, with atomic mass number:

A=Z+N (1 3)

where X is a nuclide symbol [Map04, Kno00, Kos79].

1.1.2 Particle interaction and conservation laws

Unlike charged particles or photons, neutrons do not easily lose energy by

ionizing atoms but it goes on its way until it makes a head-on collision with an

atomic nucleus. For this reason, neutron radiation is extremely penetrative

and very dangerous [htt02]. A neutron interacts through all four fundamental

interactions, which are: the electromagnetic, weak nuclear and gravitational

J
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interactions. Although the neutron is an uncharged particle (zero net charge),

it interacts electromagnetically in two ways [htt02, htt05]:

o The neutron has a magnetic moment of the same order as the proton.

o lt is composed of electrically charged quarks.

With regards to electromagnetic interaction of the neutron, it is primarily

important in deep inelastic scattering and in magnetic interactions. The

neutron experiences the weak interaction through beta decaf, transforming

itself into a proton, electron and antineutrino. lt also experiences the

gravitational force as any energetic body does, but gravitation is so weak that

in most situations it may be neglected.

The most important force that neutrons experience is the strong interaction.

This is responsible for the binding of the neutron's three quarks (one up quark

and two down quarks) into a single particle. The strong force is also

responsible for binding the nuclei (nuclear force) [htt02].

1.1.3 Decay of the neutron

The present understanding of the decay of the neutron is

n p+e- +u;

The following Feynman diagram can also present this decay process (see

Fig1.2) where u; is the electron antineutrino.

e

W_

Fig 1.2. Representation of Feynman diagram forthe neutron decay [hft04].

This decay illustrates some of the conservation laws governing particle decay.

The process is mediated by a virtual W- particle which carries away a

eUp

n

2A type of radioactive decay in which a beta particle (an e or
'beta minus" (0), while in the case of positron as "beta plus"

e*) is emitted. ln the case of g emission is refened as
(p)

4
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negative charge (thus charge is conserved) [htt04, htt06]. The proton in the

product satisfies the conservation of baryon number, but the existence of the

electron unaccompanied would violate the conservation of lepton number.

The third particle must be an electron antineutrino to allow the decay to satisfy

the Iepton number conservation law. Furthermore spin must be conserved.

The proton has spinYz as does the electron, which adds to 0 or 1 whilst the

neutron has spin T". Thus, the I also has spin Tz. This decay is an example

of beta decay (B-) with the emission of an electron and electron antineutrino.

1.1.4 Radiative neutron capture

This is a process whereby a substance on exposure to neutron irradiation

"captures" a neutron, thus raising its mass number by one unit and giving rise

to the next higher isotope of the same element. This process invariably leaves

the nucleus in an "excited state"3, and the excess energy associated with this

excited state is given off in the form of electromagnetic radiation (gamma-

radiation) and occasionally a charged particle or at high "capture" energies to

multiple particle (neutron or proton) emission. The process is of very great

importance in the production of radio-isotopes [Jef58].

1.2 Research background

Before the basic principles of plasma immersion ion implantation (PI3) are

discussed in detail, it is important to give a brief introduction to the physical

background and historical development of the P13 technique. The

fundamentals of P13 are traced by looking back to the work that was done in

the 1960s by M. Windner and co-workers ( l. Alexeff and D. Jones) [Wid70],

who investigated the generation of ion acoustic waves in plasma by applying

negative voltage pulses to electrode plates. The next contribution was the first

Pl3 experiment performed by R. Adler and co-worker (S.T. Picraux) in the

early 1980s at the Mission Research Corporation [Adl85, And02]. They

developed a metal ion implanter that was based on short-pulsed vacuum arcs

with synchronized negative high-voltage pulses applied to a substrate holder.
tstate in which an atom or molecule picks up outside energy, causing an electron or nucleon to move into a higher-
energy orbital 

5
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Finally and most significantly was the work reported by J.R. Conrad, R.A.

Dodd, J. Frank and Worzala at the University of Wisconsin in 1986, when they

realized that ion implantation by high-voltage biasing is not limited to metal

ions only, but also represents an alternative way for a wide range of gas ion

implantation with the potential to be a three-dimensional process [And02].

This work of Conrad and his group is generally regarded as the 'birth' of PI3

technique.

From an application point of view, two major research directions emerged in

the late 1980s and early 1990s. One was the improvement of wear and

corrosion behaviour of metal surfaces, and the other research field was for

large area doping of semiconductors. ln general, plasma immersion ion

implantation (P13) was developed as a tool for incorporating a three

dimensionally shaped target (substrate) in the ion acceleration scheme.

But as far as this study is concerned, Pl3 is used to generate neutrons. The

technology of the Pl3 process to generate neutrons began in the early 1990s.

H.S. Uhm in 1991 was the first to propose using Pl3 process for neutron

generation through the D-D or D-T reaction [Uhm91]. A paper was published

proposing the use of Pt3 process to generate neutrons, but was never

followed up. This study proposes to follow up on Uhm's proposal.

1.3 The aim and study motivation

There are many methods/techniques of generating neutrons, each with its

own advantages and disadvantages, as will be presented in Chapter 2. One

of the standard methods of fast neutron generation is to use the D-T

reactions, creating 14.1 MeV neutrons. Such generators are commercially

available but are, invariably, inefficient.

The aim of the study is to develop a compact, economical system that can

deliver an intense pulse of mono-energetic neutrons based on the principles

6
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of the P!3 technique as it was first proposed by H.S. Uhm (see section 1.2

above). Such a neutron generator together with a combined system such as a

neutron radiography set-up (see section 2.5.2) has the potential to determine

the elemental composition, and not just the density of contraband materials

(for example; nuclear materials, illicit drugs, money, biological materials, and

explosives); due to the great penetration capability of neutrons. As far as

nuclear detection methods are concerned, it is also very important to notice

the advantage of such systems, as it would be difficult to shield contraband

against the very probing radiation of neutrons.

The motive behind this research lies in the fact that the South African

Revenue Service has recently announced that there is a requirement for

scanners at South African ports and borders for the purpose of identifying

contraband materials. !t is this issue that makes this study so important.

1 .4 Thesis reviedoutline

This chapter serves as an introduction to this study, which reviews the

historical devetopment of the discovery of the neutron and the Pt3 technique.

This is followed by the aim and motivation of the study, which provides an

outline of the problem statement. Furthermore, this thesis is organised in the

following manner:

o A literature study of the aspects contained in the study forms the

basis of Chapter 2.ln this chapter the important key aspects such

as the basic assumption that governs the P13 model are

presented.

. Chapter 3 will discuss the experimental techniques or the setup

used during the course of this study and is presented as the

research design and methodology.

. The results: presentation and discussion will be presented in

Chapter 4.

. Finally, conclusions and recommendations from the experimental

observations are placed in Chapter 5.

7
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Apart from these chapters, there are appendices that contain all relevant

experimental data; and a bibliography follows at the end of the report.

8
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CHAPTER 2

Literature Review I Theoretical framework

ln this chapter, different techniques of neutron generation, principles of the

Plasma lmmersion lon tmplantation 1Pl3;, basic neutron detection techniques,

types of detectors used for neutron detection and techniques of neutron

detection are discussed.

2.1 Different Techniques/ Methods of neutron

generation

Neutrons can be produced by using a number of techniques including

radioactive isotopic sources, radioisotope (cr,n) sources, photo-neutron

sources and nuclear reactions induced by particle accelerators.

2.1 .1 Radioactive isotopic sources

Isotopic neutron sources produce continuous fluxes of neutrons. One such

type of source is Californium-252 ("'Cf). This heavy (trans-uranium) nucleus

decays either by alpha emission or spontaneous fission directly emitting

neutrons [www01, Cie82].

Advantages of this source are: 1) They have a usefully long life (half-life of

2.638 years, 97o/o of decays by cr-emission, 3% by spontaneous fission)

producing a relatively constant flux of neutrons on average of 3.76 neutrons

per spontaneous fission; and 2) They are relatively inexpensive for low flux

(.lot neutrons per second) sources. However, these sources are found to

have the following disadvantages: 1) The neutron output cannot be turned off;

2\ They must be contained in the bulk shielding at all times; and 3) They

cannot be pulsed and the energy spectrum of the emitted neutrons is broad

and peaks at energies around 1 MeV [www01].

9
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2.1.2 Radioisotope (cr,n) sources

The source of alpha particle can either be from:

o A radioisotope that decays by cr-emission e.g. 241Am or o6Ra.

Neutron emission is gained through the americium and beryllium

being mixed together. The advantages of these sources are: 1)

Higher specific yield of neutron sources is possible; and 2) Their

availability e.g. (Am-Be are widely available) [Cie82].

Disadvantages of such sources are that: 1) Neutron output cannot

be turned off; and 2) They must be contained in the bulk shielding

at all times [www01]; or

o Helium ions are accelerated to high energy, using for example a

Van de Graaff accelerator and then used to bombard a light target

of beryllium. Production of neutrons follows the reaction below:

'Be+oHe

The above reaction results in a higher yield

material, but this method requires relatively I

"c +n

of neutrons than any other target

large physical sizes [Cie82].

____.\-

2.1 .3 Photo-neutron sources

Gamma-ray emitters of high energy and a suitable target material are used for

the neutron production. They are based on the following photo-neutron

production reactions (PNPR):

Advantage of these sources is that the neutron energy is mono-energetic. The

disadvantage is that, in order to produce useful intensities of neutrons, high

gamma-ray intensities are required [Cie82].

'H +ho
eBe+hu

'H +n
tBe+n

10
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2.1.4 Nuclear reaction neutron sources

There are many nuclear reactions that can be used to produce neutrons. For

example the neutron energy ranging between O.1-2O MeV can be produced

by the following reaction. 7li1p,n17Be, tH(p,n)tHe, 2H1d,n)3He, 3H(d,n1aHe,

'H1t,n;3He and 1H17Li,n;7Be 
[Cie82]. Each and every nuclear neutron

production reaction mentioned above has its advantages and disadvantages

and these are discussed below.

2.1.4.1 The 7Li1p,n;7Be reaction

The reaction is widely used as a source of fast neutrons with the energies

below 4 MeV. The advantage of this reaction is that; pseudo monoenergetic

neutrons are only produced at proton energies between 1.92 and 2.37 MeV

[Cie82]. The main problems of lithium neutron producing target are heat

removal, lithium evaporation, radiation blistering, and the creation of the

radioactive 7Be isotope [BayO ].

2.1.4.2 Reactions between the hydrogen isotopes

The advantage of the neutron source reaction between hydrogen isotopes

such as: 3H1p,ny3He, 2H(d.n)3He. 3H(d.n)1He and 'H1t,n1tHe is that the

pseudo-monoenergetic neutron beams over the energy range of 1 to 20 MeV

are produced. However, the monochromaticity of each of these sources is

limited not by excited states but by thresholds for multiparticle break-up

[Cie82]. The key aspect, as far as this study is concern, is that the above two

underlined nuclear reactions will be considered more because they form the

basis of this study, and further elaboration will be presented in section (2 2).

ll
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2.1.4.3 The 1H17L,n)'Be reaction

The main feature to emerge for a negative Q-value reaction like this is that

close to threshold, the strong kinematics of the reaction confines/ focuses the

emitted neutrons to a narrow cone with a high beam intensity, which simplifies

shielding problems and reduces neutron background. Disadvantage of this

source though, is that at higher incident energies, four line spectra are

produced at zero degrees because the neutrons from the 1H17Li,n17Be*

reaction are also double-valued. As a result, the use of this source requires

the time-of-flight (TOF) method to select one of the neutron groups [Cie82,

DavS2land lastly, this reaction produces radioactive 7Be isotopes.

2.1.5 Neutrons induced by particle accelerators

There are many types of different accelerator systems that may be used for

the production of neutrons, e.g. Van de Graaff accelerator and Spallation

Neutron Sources (SNS). The SNS is an accelerator based neutron source

that provides the most intense pulsed neutron beams in the world as far as

scientific research and industrial development [www01] are concerned. SNS

are used in routine investigations of material structures using inelastic

scattering and neutron diffraction. The use of SNS shows considerable benefit

compared with other accelerator based neutron sources [Tec00].

The small accelerator neutron sources are useful not only for basic nuclear

research and chemical analysis, but also for contraband detection such as

illicit drugs, explosives and weapons [Ebe05, Tec00]. Most of them are what

are generally called "sealed tube neutron generators". ln the case of a small

neutron research accelerator the deuterium ('H) - tritium (3H) reactions are

the most commonly used to produce neutrons. Deuterium ions are created

and accelerated into a tritium or deuterium target, producing neutrons when

the deuterium atom fuses with deuterium or tritium atoms in the target via the

following reactions:
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d+t

d+d

n+oHe

n+'He

E, =l4.2MeV

E, =2.45MeV

ln both cases the helium atom is created and emitted in the exact opposite

directions of the neutron. Neutrons from the d-t and d-d reaction are emitted

isotropically (in the centre of mass system) from the target. Estimation of the

neutron flux density, n (neutrons per square cm per second), is given by:

n= (21)

where N is a total neutron output from neutron generator (in neutron per

second), R is a distance from the deuterium or tritium target inside neutron

tube to the Iocation where neutron flux is measured. Advantages of such

sources are 1) They do not create any radiation when they are switched off;

2) They may be operated either as continuous or pulsed neutron sources; and

3) Thus produce mono-energetic neutrons [www01] e.g. 2.5 or 14 MeV plus

the energy of incident ion.

N/
/ qruR'

2.2 The principles of Plasma lmmersion lon

lmplantation (Plt)

Neutron production based on the Pl3 can also be obtained by using the

deuterium-tritium and/or deuterium-deuterium reaction, whereby the

deuterium ions are created and accelerated into a tritium or deuterium target

and by so doing the neutrons are produced [Cie82, Ste91].

P!3 is a technique (see Fig 3.1 and Fig 3.3) in which a target is immersed in a

plasma environment of ion density of 10e - 1012 g. cm-3, which is obtained by

maintaining the pressure between 10-1 and 1O-2 Pa, and the temperature of

the electron generated by the applied radio frequency (rf) power in the range

2 - 10 eV. lons within the plasma are attracted and accelerated from the

plasma to the target [Ste91, Col91, Lie89]. The target is typically a palladium
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rod soaked with the deuterium atoms and immersed in the plasma. The rod is

connected to a high voltage module that provides a series of 1 - 10ps

negative pulses with voltage ranging from 10 - 100 kV [Han91].

The negative voltage is applied to the target, in the time scale of the inverse

electron plasma frequency coo).", which is defined by Anders [And02] as:

(2 2)

Where eo is the permittivity of free space, z, is the electron density, m" er'd

e are the electron mass and charge respectively. During this time electrons

near the surface of the target are repelled and by so doing a uniform density

ion matrix sheath occur [Ste91, Lie89]. The plasma sheatha created by the

repulsion of the electrons expands dynamically according to the applied

voltage, duration of the pulse and plasma density [Rky06]. During this time

scale, ions are still at their original location due to their larger inertia, forming

the ion matrix sheath [And02].

The deuterium or tritium atoms in the plasma become ionised because of the

rf power. The distinctive features of rf power are: 1) High current density; and

2) Stable and long-life operation [Rei05].

The deuterium or tritium ions that are formed are accelerated into the

palladium rod, and collide with the deuterium atoms in it. These ions impact

the surface with an energy that depends on their initial position within the

sheath. This results in the fusion reaction with the deuterium and tritium atoms

in the target to produce neutrons [www01 , Uhm91] through the following

reactions;

nA region between a quasicharge-neutral plasma and a physical boundary where the c,ondition of charge neutrality no
longer holds,

t4
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tQ.ottter) + pQ.ozt tett) s0% 'H(d,p)'H

d+d D-D reaction

'He(o.tzMett)+ n(2.+sMev) soyo 'H(d,n)'He

The 5Oo/o shown in the above reaction indicates that there are equal

possibilities for the reaction to produce either a proton or neutron. Although in

the case of the D-T reaction there is only one branch for the reaction products

and they are as follows [www01, Uhm91]:

t+d oHe(z.sMett)+n(t+.stuer)
'HQ,n)oHe D-T reaction

The number of ions liont falling into the target during the pulse voltage Vs

applied increases as the applied voltage increases. The following equation

derived from Uhm and Lee [Uhm91] verifies this relation.

r,onr = z.z+*{ $r''')'u''n nt3t2s rttotzs . e 3\tonll
\lem )

Where Ii* is the average ion current per pulse, t is the pulse length, m is the ion

mass, eo is the permittivity of free space; L is the length the palladium rod, n is

the plasma density and r, is the palladium rod radius. It can also be seen from

equation (2.3) that the number of ions liont decreases as the ion mass

increases.

The approximate rate equation for the nuclear fusion to take place during the

pulse, when the ions are falling into the target is described by Uhm and Lee

[Uhm91]as.

(2.4)

where the number density of deuterium atoms inside palladium rod is no,

o(E) is the fusion cross section, E the ion kinetic energy at the target

+ = 1JEn,I--r(o)n,dt 45' u 
e
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surface, and Ar is the average penetration depth of ions into the target. For <

100 keV deuteron energies the cross section of the D-T fusion reaction is

larger than that of D-D reaction (see appendix A) [Tec06]. This large cross

section at a low bombarding energy has made the dt reaction the most widely

used reaction to produce highest number of neutrons [Cie82].

The graphs in Fig 2.1 show how the cross section of both reactions of interest

vary as the energy and angle varies. The values presented in the graphs are

given in Appendix (B-1 and B-2).

2.60

2.m

t 2.55
o

=E 2so
ocur 2.45

2.40

210

2.35

2

2.45

.55

.50

o
=
o
ocU

(r,
o
u,l

-20

2.35

0.000
0.005
0.010

0.015

0.020

0.025

14.4

14.3

9, u.2
2_

p tl.t
ocuJ i4.o

13.9

13.8
3.5
4.0
4.5

5.0

55

6.0

E
ol,
E

t
o

I
6
@
dI
o

E
ooc
c
o.E
o
oa
6b6
o

e
6o
E

E
U
E

o
P

C)

o 20 40 e0 Eo 100 120 140 160
L-ab angte (0)

(a)
-zo o 201060 B0 100 i20 1lo 160

1gg 120 t4o 160

Centrad-mass arEle (0)

(b)

14.4

1i|.3

't4.2

oz 14.1

140

13.9

13.8 6 20 40 60 Eo roo

1,ffi
4.5E
4.54
4.52120 149 166Lab angte (0)

(c)
20 40 60 80

-zo o

C,entreof-mass 6ngle (0)

(d)

Fig 2.1 . The plot of three-dimensional relationship between energy, cross-secfio n and angle for

the D-D and D-T reactions. (a) - (b) D-D reaction (c) - (cl) D-T reaclion flsbE7l.

+----

.I

I

I

--:..

I

,1

Li
U::[

I

1 ---' ts-

liiil
l-

l6

0.030

0.026
0.024

o.o28

o.o22

0.020

-'l

i

!

I

-..1

I

I

http://etd.uwc.ac.za/



The other important facts as far as the Pl3 technique is concerned, are that

the implantation of these energetic ions into the surface of the material causes

sputtering because the surface of the material becomes eroded [Pro91] as a

result; the atomic composition and the structure of the near region of the

specific material are changed [Ste91, Lie89]. Thus, metastable phases and

new materials may be generated, but it depends on the energies of the

incident ions e.g. whether they are high or low. Different microstructure is

produced when the implantation conditions, such as temperature and

implantation energy of ions are changed and these lead to various properties.

Full ion energy at the surface of the target "substrate" is obtained by keeping

the pressure sufficiently low and at the same time the ion-neutral collisions in

the sheath is avoided [Wol02, Sxu06]. !t is these issues that form an important

extension to the project with regard to selection of suitable target to contain

the deuterium fusion target material.

2.2.1 Basic assumptions of the Pl3 process

The model assumptions are taken into consideration, when considering

voltage pulse of amplitude Vo with time width to applied to the target at time t =

0, and the plasma electrons with density ns repelled away from the target,

resulting in the formation of an expanding non-uniform sheath. The model

consists of five assumptions and is as follows.

. The ion flow is collisionless. This is valid for sufficiently low gas

pressures (e.g. 0.1 Pa).

. The electron motion is inertialess. This follows because the

characteristic implantation time scale much exceeds (the time scale of

the inverse electron plasma frequencyl urp,"-1.

o The applied voltage V s Vo is much greater than the electron

temperature T" during the entire pulse duration; hence the Debye

lengths 1.o << s (except for t > 0) and the sheath edge are abrupt at a

certain length s.

o A quasistatic Child law sheath forms [Ste91, Lie89] instantaneously at t

= 0 and exists during the entire implantation. The current demanded by

tls the scales over which mobile charge caniers (e.g. electrons) screen out electric field in plasma and other
conductor.

t7
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this sheath is supplied entirely by the uncovering of ions at the moving

sheath edge.

During the motion of an ion across the sheath, the electric field E(x) is

frozen at its initial value, independent of time, except for the change in

field due to the velocity of the moving sheath [Ste91, Lie89].

2.2.2 Negative high-voltage Vs application to the target

The applied voltage waveform is chosen to have the following form as

described by Steward et al. [Ste91]:

[/o
t,<t<t,+tP
t,+tpatato

(2 5)

where tt = t, * to * tr in micro seconds. From the above voltage waveform

equation it clear that the pulse is characterized by three different times: rise

time t,, plateau time tr, and fall time tr. The Child law current density, j" for a

voltage Vo ocroSs a sheath thickness, s increases as the applied voltage, Vs

and ion charge, e increases, but when the ion mass, M and sheath thickness,

s are increased the j" is decreased. The above relationship of parameters can

be verified by the following Child current equation as described by Lieberman

[Lie89] as:

a

t/
/t,

1
_ t)/

/t,

YO = 

{n,

o<t<t r

.4
J' = 

,eo (#)
v3 

v3/2
2

(2.6)
^s

where ao is the permittivity of free space
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2.2.3 Energy distributions of different times

The energy distributions of different times that characterize the pulse are not

the same. This means that each time e.g. rise time (t'), plateau time (tr)and fall

time (tr), has its own energy distribution (dN/dW). For example; energy

distribution for ions entering the sheath during the pulse rise time t'. is given by

[Ste91] as:

(2 7)

where no is the initial ion density and W the ion implantation energy. During

the voltage plateau time, to the ions entering the sheath receives the full

energy Vo. The energy distribution is given by [Ste91] as:

(dN\ _( zs\"' nosot)''

ldw ),. -l.16rl wW

(#),, = noso(", -', bw -',) (2 8)

where So is the normalized sheath position at the end of plateau time and Sr

the normalized sheath position at the end of the rise time. Energy distribution

during the pulse fall time ts is given by [Ste91] as:

( aN\t_t
law ),,

2 nosoW'tz )-+,,(#)")'''25
i'o * ts Q, *,, (2.e)9 V;,,

The accuracy of the model is well characterized by a single parameter, which

is the ratio of the ion flight time to the pulse rise time [Ste91].

2.z.4Advantages and disadvantages of Pl3 technique

Plasma lmmersion lon tmplantation (Pl3) has several distinct advantages over

the other methods of implantation, these include; uniform coverage, low unit

t9
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cost and easing line-of-sight restrictions. ln this model, ions can be implanted

to the concentration and depth required for surface modification. Dramatic

improvements can be achieved in the life of manufacturing tools in industrial

applications. The model 1et3; is capable or has the ability to treat complex

shapes [Col91], e.g. drilling rods, screws etc. The most important advantage

of this model as far as this study is concerned is the fact that the Pl3

technique can produce intense pulsed neutrons.

The only disadvantage of the PI3 technique as a neutron source is that

neutrons are a form of nuclear radiation as was described in section (1.1.2).

As a result, radiation protection measures should be taken into consideration

when neutrons are generated through the Pl3 technique.

2.2.5 Applications of Plasma Immersion lon

lmplantation and Deposition (Pl3& D)

There are many applications of the Pl3 modet, although the following

applications such as metallurgical and other non-semiconductor and

semiconductor applications is not discussed in detail for the purpose of this

thesis.

Metallurgical and other Non-Semiconductor application examples are as

follows: reduction of wear and corrosion, diamond-like carbon coatings,

hydrogen-free hard carbon films, deposition of other protective coatings,

modification of battery electrodes, and modification of polymer surfaces.

Examples for Semiconductor applications are. flat-panel displays, silicon-on-

insulator (SOl) fabrication, microcavity engineering, trench doping, and

metallization technology for deep trench filling twww02l.
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2.3 Basic neutron detection

Neutron detection science is the effective detection of neutrons that enter a

detector with a certain solid angle. Neutrons are detected in nuclear

experiments by using either a neutron detector such as proportional or

scintillation detectors. Multiple detectors can also be used in neutron detection

experiments if a high number of neutron counts is important in the experiment.

Experiments that make use of this science are scattering experiments where

the scattered particles of interest are neutrons.

Two key aspects to effective neutron detection are. detection hardware and

software. Detection hardware refers to the kind of detector used during the

neutron detection experiment (e.g. scintillation detectors and proportional

counters) and to the electronics used in the detection set-up. The hardware

set-up defines the source-detector distance, detector solid angle (O) and

shielding. While on the other hand, the detection software consists of the

analysis tools that perform the task such as graphical analysis, to measure

the number and energies of neutrons that strikes the detector [www02].

2.3.1 Challenges in neutron detection

Neutron detection is not an easy exercise, due to the following challenges:

background noise, high detection-rate, neutrality of neutrons, multiple

scattering of neutrons and practical difference in methodology of detecting low

and high neutron-energies. The above-mentioned challenges affect the basic

neutron detection and they are briefly explained below.

2.3.1.1 Background noise

The most prevalent problem about radiation detectors is their sensitivity to

more than one type of radiation. An example is the use of the liquid scintillator

NE-213 to detect neutrons, while y-rays or cosmic rays are also present

2t
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[Zen03]. The main component in neutron detection is the background noise

due to high-energy y-rays, which are not stopped by physical barriers. Various

materials such as lead, plastic and thermo-coal can easily stop other

background noises such as the alphas and beta particles. Because of the

above, photons are the most problematic particles in neutron detection. ln

addition, they also register the same energies with neutrons after scattering

into the detector from the target and lastly, they are hard to distinguished from

neutrons [www03]

Photons can be distinguished from neutrons by considering the slight

differences in signal produced by different radiation types so that the desired

type of radiation can be identified [Zen03].

2.3.1.2 High detection-rates

In charged particle and photon detectors the response time is very fast (ns)

whereas for neutron detectors it is slow, since one is reliant on the neutron

inducing a nuclear reaction and waiting for the secondary radiation to be

detected, there is a stretched response time of up to several ps. Thus high-

count rates or intense bursts of neutrons are difficult to monitor individually

[Fra06] since for effective neutron detection the detector is usually placed in a

region of high beam-activity, whereby it is hit by the incoming radiation (e.9.

neutrons and background noise). ln such a €se it is not easy to understand

the collected data, since the events are not easily distinguished.

ln order to control high detection-rates or keeping them very low the following

must be taken into consideration: 1) few events may be chosen for analysis;

2) when the events are indistinguishable from each other as stated above; the

physical experimental parameters such as shielding, detector-target distance

and solid angle are very important in making events distinguishable and low

[www03] detection-rates can be achieved.
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2.3.1.3 Neutrality of neutrons

Neutrons are electrically neutral as discussed in section (1.1 .2); are only very

weakly influenced by a magnetic field because of the magnetic moment of the

neutron, and do not respond to an electric field. These are major problems in

order to steer or accelerate them towards a detector for detection purposes

[wvrnrv03, Fra99]. This leads us to use methods to identify neutrons by making

use of interactions taking place within a detector which generally rely on

second order effects [Mcg03].

2.3.1.4 Multiple scattering of neutrons

The aspect of multiple scattering contribution is particularly important when

considering the fact that; before the neutrons reaches the point of observation

(detector) they usually have to travel through various layers of materials in

which they can undergo interaction, but this depends on the nature of the

material penetrated. These interactions can be either elastic, inelastic scatters

or capture collisions [Hal38]. As a result, those that are absorbed will not be

seen in the detector but those that are scattered probably will be detected.

lndeed, it is difficult to devise an experiment for this purpose in which one is

sure that multiple scattering and absorption are not playing a significant role

lMit3sl.

2.3.1.5 Low and high neutron-energies

Energies of the incoming neutrons are very important in basic neutron

detection. For example in the case of low neutron-energy detection (slow

neutrons i.e. energies less than 1eV) it is difficult for the detector to

register/detect a measurable detection current (e.9. in scintillation detector)

[www03]. This only applies to scintillation detectors because the operation of

these detectors depends on the ionisation process within the detector and if

the incoming neutron has very low energy the ionisation process will not occur

and as a result the neutron will not be detected.
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For high neutron energies (fast neutrons, typically > 100 keV) that penetrate

deeply through a thick material, the neutron spectrum is usually measured by

the time-of-flight (TOF) method [Sas00]. This method (TOF) is discussed in

section (2.5.3) below.

2.4Types of detectors used in neutron detection

As has been mentioned in section (2.3); the neutrons are either detected by

using neutron detectors such as proportional detectors (gas filling: sHe or BF3)

or scintillation detectors 16Li and ZnS).

2.4.1 Scintillation detectors

The most widely used scintillation detectors include inorganic alkali halide and

organic liquids. ln this study the organic liquid scintillator detector NE213 is

used. Inorganic scintillators have a higher efficiency in converting the radiation

energy into detectable light and their response is more linear, because the

generated light is proportional to the deposited energy over a wide range. The

scintillation6 mechanism in inorganic materials depends on the energy states

determined by the crystal lattice of the material. The ideal scintillation material

should posses the following properties [Kno00]:

o lt should convert the kinetic energy of charged particle into detectable

light with high scintillation efficiency.

o This conversion should be linear the light yield should be

proportional to deposited energy over a wide range as possible.

o The medium should be transparent to the wavelength of its own

emission for good light collection.

. The decay time of the induced luminescence should be short so that

fast signal pulses can be generated.

. The material should be of good optical quality and subject to

manufacture in sizes larger enough to be of interest as practical

detector.
Brhe emission of visible light when radiation is incident upon a certain material
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o lts index of refraction should be near that of glass (- 1 5) to permit

efficient coupling of the scintillation light to a photomultiplier tube or

light sensor.

Scintillation detectors are used in neutron detection due to the following

characteristics: 1) They have excellent timing performance; and 2) They are

good in pulse shape discrimination (PSD) [Jas0 ]. For example, a liquid

scintillator gives an efficient way to discriminate between incident y-rays and

neutron by means of PSD. This method (PSD) is based on charge integration

of the pulse current over two different time intervals by using charge-

integration [Cer04]. The working principle of a scintillation detector used in this

study (NE213 liquid scintillator) is presented in Chapter 3 section (3.2)

2.4.2 Proportional counter detectors

ln this type of detector neutrons are detected through a nuclear reaction (e.9.

fusion reaction), which results in energetic charged particles such as protons

and alphas. The cross-section (o) for neutron interaction in most materials is a

strong function of neutron energy. Proportional counters considered in this

study are based on nuclear exothermic reactions, where the gases (e.g. 3He

or BFs) are ionised by the produced charged particle [Fra99].

The important key aspect, when searching for the nuclear reaction that might

be useful in neutron detection is that, the gases of interest 1e.g. 
3He and BFs)

should satisfy certain characteristics such as:

o The gas must have a high thermal cross-section, so that efficient

detectors can be build with small dimensions.

. The target nucleus should have high isotopic abundance in the natural

element.

. High enough Q-value for thermal reaction because the higher the Q-

value, the greater will be the energy given to the reaction products and

the task of discriminating against y-ray events will be simplified by

using simple amplitude discrimination.

25
http://etd.uwc.ac.za/



Gas density should allow the nearly complete stopping of the produced

charged particles for enhancing the full-energy peak and reducing the

wall effect [Fra99, Raw05].

Although neutrons have mass, they hold no electric charge and the methods

used to recognize them are interactions within a detector and are generally

relying on second order effects [Mcg03] as was mentioned in section

(2.3.1.3). This means that neutron detectors must rely upon a conversion

process where an incident neutron with energy En interacts with a target

nucleus to produce a secondary charged particle, which are directly detected

and the presence of neutrons €n be deduced [htt05]. The most common

reaction in BFs detector is 10B1n,cr17Li that leads to the following products:

a

'o B+'n
-

'tiQ.otstutert)+ a(t.ttlMev) 
60/o

Reaction Q-value = 2.792 MeV (to ground state)

'n (o.t+otvter)+a(t.447oMev) gq'/"

Reaction Q-vatue = 2.310 MeV (1d excited state)

The decay products are released in opposite directions, when thermal

neutrons (0.0259 eV) are absorbed by 'oB. The branching in the above

reaction indicates that 7Li may be left either in its ground (6%) or excited state

(94o/o). From the above data it can also be realised that 94o/o of the reaction

leaves the 7Li ion in its first excited state, which rapidly de-excites to the

ground state (- 10-13s) by the emission of a 0.480 MeV y-rays. The remaining

6% of the reaction result in the 7Li going directly to its ground state. The

above reaction has the microscopic thermal neutron absorption cross-section

of 3840 barns (1 barn = 1O-28m-1. ln addition, this microscopic thermal

neutron absorption cross-section drops rapidly with increasing neutron energy

and is proportional to the inverse of the neutron velocity (1/v) over much of the

energy range [Fra99, Mcg03].

On the other hand, the 3He gas is the most suitable neutron sensitive material

used as a detection medium for neutrons (e.g. LND 3He detector). This gas is
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used because of its favourable properties such as high neutron absorption

cross-section and chemical inertness [Des06]. For this type of detector, the

most important nuclear reaction is; 3He1n,p)3He, which can be written as:

'He+'n + p(o.st+*tert)+'n(ostMev) Reaction Q-value = 0.765 MeV

The thermal neutron cross-section for this reaction is 5330 barns, which is

significantly higher than that for the 10B reaction, and its value also depends

on (1/v) [Fra99, Mcg03].
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Fig2.2. Schematic illustration of measured detector performance (neutron v/s detector bias-

voftage): Fig (a) BFs detector and (b) LND3He detector

This leads to the comparison of 3He and 10B filled gas detectors, which are

exactly the same in length L, radius r and solid angle (O). The fact that the

cross-section (o) for 3He and 108 differs, results in the different number of

counts obtained by each detector. For example at the same bias voltage, the

detectors would not have the same number of counts (see the graphs in Fig

2.2), where the LND 3He is more sensitive than BFs detectors although they

were not equal in size [Fra99]. The data for the above graphs is taken from
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Appendix C. The detection efficiency for neutrons incident along the axis of a

BFs tube is given approximately by:

e(o)="*p(- Z.@V,) (2.1o)

where L(r) is macroscopic absorption cross-section of 10B at energy E and

L is active length of the tube Fra99l. Once one neutron has been detected,

the probability of detecting another neutron that had been emitted from the

source at the same time decreases exponentially with time according to the

following equation:

P()= '(/") . (2.11)

where p(t) equals the probability of detecting coincidence neutrons in time

with td = die-away time. Where the die-away time is defined as the average

time a neutron will survive before it gets absorbed in the tube (e.g. 3He tube1.

The neutron die-away time normally ranges from 10-128 ps but this depends

on the detector geometry. When the neutron is absorbed and the reaction

products are emitted, the probability for the reaction product particles entering

the detector is determined by the solid angle subtending the surface within the

average effective range of the particle interaction [htt05, Fra99].

2.5 Neutron detection techniques

Neutrons can be detected with reasonable efficiency but they are virtually

impossible to accelerate towards a detector for the detection purpose as was

alluded in section 2.3.1.3. There are different techniques of neutron detection,

this includes; neutron back-scattering, neutron radiography and the time-of-

flight (TOF) technique.
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2.5.1 Neutron back-scafteri ng technique

For the general consideration, the inherently low detection efficiency for fast

neutrons or any slow neutron can be improved by surrounding the detector

with a few centimeters of hydrogen-containing moderating material such as

the polyethylene blocks (this is shown in Fig 2.3) [Kno79]. This is important

because a fast neutron can then lose a considerable fraction of its initial

kinetic energy as it is back-scattered in the moderator before reaching the

detector as a lower energy neutron, for which detector efficiency is generally

higher.

Moderator

Thermal neutron detector

Fig 2.3. Schematic presentation of neutron histories in moderated detectors. The smallthermal

neutron detector at the centre is shown sunounded by two different fhlbknesses of moderator

material [Kno79].

Neutrons of high energies can travel through many centimeters of matter

without any type of interaction and thus can be totally invisible to a detector of

common size. This is the case because the probability of most neutron-

induced reactions in detectors drops off rapidly with increasing neutron energy

[Kno79]. Thus, the importance of scattering becomes greater as is illustrated

in Fig 2.3. From Fig 2.3, histories labeled 1 represent incident fast neutrons
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that are successfully moderated and detected. Those labeled 2 are partially or

fully moderated, but escape without reaching the detector. History 3

represents those neutrons that are parasitically captured by the moderator.

This leads to the fact that larger moderators tend to enhance process 3 while

reducing 2, as can be seen in Fig 2.3.

2.5.2 Neutron Radiography (NRad) technique

The general principle of radiography is the recording of the gamma, x-rays or

neutron radiation passing through an object by a scintillator screen or charge

couple device (CCD) [Bee06]. The basic idea of NRad is illustrated in Fig 2.4.

The radiography detector records a shadow image or projection of the object

on the detector plane. This information contains the internal details of the

object under the investigation, in the form of different intensities of radiation

reaching the detector [Rou03].

objga
I ' ,.r..
!'.: 'i,1:, ,.:,,.

i
I
I
L

E€.am collrmator
beam
ahufror

CCD camera

<>
rotetlw
crear{

Sirnplified Layout of the tomography setup
for ttre -qAF/NRl reastor (S}or-nn Affica)

Cam.ra Contrcl
\/olumc RGconrtruclron

Vlau!llratlon
Strut.m Control

Fig 2.4. Simplified layout of neutron tomography/ radiography (NRad) af NECSA [Rou03].

Different radiation intensities that result are due to the attenuationT of radiation

by the object and this depends on the type of radiation, material thickness,

material density and material cross-section of the radiation used. The image

or radiograph contains the information of the structure and composition of the

object. ln the case of thermal neutron radiography, the attenuation of the

TThe amount of radiation absorbed and scaftered by the material.
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neutron beam is due to the scattering or absorption of neutrons with the nuclei

of the atoms in the object material [Rou03]. NRad is created on an object or

material that is subjected to the neutron beam.

2.5.3 Time-of-flight (TOF) technique

This technique is based on the simultaneous measurement of the velocity and

energy of the detected particle. ln the case of neutron detection, the neutron

velocity is derived from the time to traverse a flight path of length t (v--tlt)

between [Cie82, Tes95] the point of origin of the neutron source (target) and

the neutron detector. Obviously the time of origin of the neutron can only be

known in a pulsed system, as would be the case for the Pl3 system [Fra06].
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CHAPTER 3

Research Design and Methology

ln Chapter 2, section 2.1, the literature review discussed the various neutron

production techniques that differ in their characteristics in terms of their

advantages and disadvantages.

In this study the Plasma Immersion lon lmplantation (Pl3) technique is used to

produce neutrons. ln this chapter the various components of the Pl3

processes and experimental setup of neutron detection are discussed.

3.1 The Plasma Immersion lon implantation (Pl')

facility at NECSA

The Necsa plasma laboratory was used in this study. The Pl3 facility has been

used for a number of industrial applications as mentioned in section (2.2.5),

but in this study the facility was used for the surface modification of the target

in order to generate neutrons from the D-D fusion reaction. The available

equipment of the facility is schematically shown in Fig 3.1.

l9
t4

ll
l0

9

4

Fig 3.1. Schematic representation of the Pf technique af NECSA: l. Pulser generator. 2. High
voftage pulse compressor. 3. Cunent probe (Rogowski coil). 4. Oscillosape. 5. High voftage
probe. 6. Plasma/ vacuum chamber. 7. Cathode and target stage. 8. Radio Frequency (RF)
antenna. 9. RF power (adapted induction fumace). 10. Needle valve. 11. Pressure meter (gas flow
into needle valve) 12. Piezoeleclric gas leak valve. 73. Gas pressure regulator. 14. Gas bottle
(deuteiunl tritium). 15. Pressure meters. 16. Buffer valve. 17. Pressure meter (vacuum pump).
18. Turbo molecular + rotary vane vacuum pump. 19. Fume cupboard. 20. outside (atmosphere).

t6
t2

6

5
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3.1.1 Physical layout

ln Fig 3.1 above and 3.2 below; the plasma chamber which opens from the

bottom in order to place the target on the cathode (shown in Fig 3.3) is

illustrated. The digitizing 400 MHz oscilloscope shown in Fig 3.1 and Fig 3.7 is

used to display the shapes of the voltage and current pulse signals registered

by a high voltage probe and Rogowski coil respectively [Hon05].

Gas pressure meter

Pressure meter

High and low
vacuum pressure
gauge

Plasma chamber

Neutron monitor
(Bonner sphere) Deuterium gas bottle

Cunent probe
(Rogowskicoil)

Voltage probe

Fig3,2. Photograph of plasma chamber, voltage probe, current probe, deuterium gas bottle, neutron monitor

and pressure gauges.
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o Plasma/ Vacuum chamber

The plasma experiments require a chamber to support the confined plasma

source [SachO2]. ln this study the bulk plasma experiment is conducted in a

small cylindrical stainless steel chamber (see Fig 3.2) with a radius of 5.3 cm

and a height of 12.5 cm. The system chamber is placed vertically as shown in

Fig 3.3 so that the target can be placed on the target stage below the insulator

cap. The insulator cap is used to prevent arcing at the edges of the terminal. lt

is also used for supporting the target and to prevent it from being dislodged

from the stage during the experiment. The deuterium gas inlet and outlet are

also shown in Fig 3.3. Plastic bolts were used to fasten the insulated cathode

plate to the chamber.

RF antenna

lnlet
Outlet

System chamber

lnsulator cap

HV terminal Target stage

Fig 3.3. Schematic representation of the plasma chamber.

o Needle valves

Most of the needle valves consist of a movable piston with an optically flat

sapphire, which forms a variable seal completely free from friction, seizing

and shear [Tec96]. They are used for controlled admittance of fine gas flows.

Movement of the position of the needle or the sapphire piston performs the

fine adjustment of the gas. In this study, the movement of the needle is
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controlled through a threaded shaft or a threaded shaft-and-lever mechanism.

The needle valve of a model 28335 Bl Leybold-Heraeus was used in this

study and is shown in Fig 3.4.

Needle valve

Threaded shaft

Fig 3.4. Photograph of needle valve.

The valve consists of different settings that depend on how much the shaft

has been moved/rotated. The conductivity of a needle valve depends on the

viscosity of the gas to be admitted into a vacuum chamber.

o Vacuum pumps

When selecting the most appropriate vacuum system for a neutron generator

the following important factors should be taken into consideration:

The value of the ultimate pressure to be attained because the aim

of all vacuum systems for a neutron generator is for the deuteron

ions to reach the target without collision. This is maintained by

working at low pressure, as is required by the PI3 processes.

Gas intake (due to leakage, the ion source, etc) to be accounted

during the run of the experiment.

Economic consideration such as the greatest possible simplicity in

handling the pumps and the entire vacuum system (start, stop)

[Tec96].

iii.
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The facility consisted of the combination of a turbo molecular + rotary vane

(model: TSH 172) and rotary vane (model: DUO 008 B) pumps in order to

obtain the ultimate pressure below 104 Pa that is necessary for ensuring a

pure gas environment. The photos of these pumps are shown in Fig 3.5.

Pressure meters Buffer valve

Combination of turbo
molecular + rotaU
vane pump

Rotary vane pump

Fig 3.5. The photos of the turbo molecular + rotary vane pump and rotary vane pump.

The working principles of these pumps, as well as the most important details

of the operation of vacuum systems containing the above combination of

pumps is not to be discussed in this thesis.

o Gas bottle

As seen in Fig 3.2 the system used a small cylindrical gas bottle. !n this study,

the deuterium gas is contained in the gas bottle that is compressed to a very

high pressure of 3500 kPa. The deuterium gas is used for the purpose of

deuterating the target so that the new material can be formed (e.9. YD, where

Y is the target material, D is the deuterium and the YD* a new material).

36
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o Pressure meters

!n order to monitor the vacuum status or gas pressure in the system there are

pressure meters at different locations as seen in items 11,15 and 17 in Fig

3.1. Gas pressure, after the gas has passed the piezoelectric gas leak valve,

but before it is introduced into the plasma chamber was measured by the blue

box (model: TFG 031) item (c) in Fig 3.6. The vacuum status inside the

plasma chamber was measured by the cold cathode gauge (model: FKG 010)

item (a) in Fig 3.6. The buffer(model. 520488), shown in Fig 3.5 (item 18 in

Fig 3.1) is used to slow down the gas flowing from the plasma chamber to the

pumping system. ln between the buffer and the vacuum pump, the red box

(model: CM 031) item b in Fig 3.6 was used to measure the gas pressure to

the vacuum pump. The values of the pressure were taken from the pressure

meter value displays shown in Fig 3.6.

(a)

(c)

(b)

Fig 3.6. Photo of the different pressure meters value display. (a) Pressure inside the

chamber display. (b) Pressure of molecular + rotary vane vacuum pump display. (c)

Pressure of the gas before entering the chamber display.

ln summary, a differential pumping system shown in Fig 3.7 below was used

to allow the continuous flow of gas in a system.

Medium

Pressure

Fig 3.7. lllustration of the differential pumping system.

Buffer Cell Buffer Vacuum Atmosphere
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o Radio frequency (R.F) power

There are several plasma sources commonly used in PI3 systems. Each has

its own advantages and drawbacks. For instance, an electron cyclotron

resonance (ECR) source can deliver a high plasma density but is relatively

expensive [Chu97]. Therefore, a more economical capacitively coupled rf

system was chosen for our facility. !n our facility, an rf power source (model:

VDGPT1 g) is used to generate the plasma. The rf plasma source is mounted

onto the central part of the top of the plasma chamber and the rf power is fed

through the rf antenna as it is shown in Fig 3.1 in item 8. The rf system of our

facility is shown in Fig 3.8 below:

Variable capacitor
for capacitive
coupling

RF power (adapted
induction fumace)

Fig 3.8. Photograph of radio frequency (rf) power.

The inductively coupled rf plasma source [Chu97] was used in this study

because of the following advantages:

i. Relatively pure plasma due to electrodeless discharge;

ii. Reasonably high plasma density;

iii. Minimal contamination;

iv. Small substrate damage;

v. Higher atomic ion ratio and multiply charged ion content (higher

plasma chemical activity);

vi. Suitable for active gases.
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o High voltage pulse power supply

lon implantation is usually performed at a high implantation voltage, low

implantation temperature, and low working gas pressure [Chu97] as was

mentioned in section 2.2. There are two primary methods to generate high

voltage pulses. The first means is to employ an on-off switch in conjunction

with a pulse-forming network (PFN) to generate the pulses [Xiu99]. The

system used to perform this purpose in our facility is shown in Fig 3.9 which

are; items labelled 1 and 2 when referring to Fig 3.1.

Control pulse compressor HV pulse compressor supply
Oscil

Pulse generator
Pulse rate (frequency) knob On-off switch

Fig 3.9. Photograph of the components of high voftage pulse power supply.

The resonant pulse power supply of our facility delivers a high voltage pulse

with fast rise time (.1ps), sustaining the high voltage (HV) for several ps (-
40ps) at high repetition rate up to 300 Hz and delivers up to 2 joules of

energy.
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o Neutron monitor

ln order to verify that the fusion reaction occurred, nuclear radiation should be

present; i.e. 50% of fusion decays to3He+n,5Oo/o to I+ p and 0.00001% to

oHe+7 
[Fra06]. In this study, the neutron monitor (model: 12-4 count rate-

meter) shown in Fig 3.2 was used to verify whether the fusion reaction has

occurred or not. The response from the neutron monitor is discussed in

Chapter 4 section 4.1.1.

3.1.2 Sample design/ Target design

Different substrates/ targets materials such as copper, titanium and nickel can

be used. However, in this study only a titanium target was considered. Some

other target configuration such as wire, mesh or rod may be used, but it is

very important to note that the target must satisfy the characteristics

discussed in section 3.2. The results and discussion of the implantation of

deuterium ions into a titanium target are presented in section (4.1.4).

3.2 Sam ple/target characteristics

Generally, in all Plasma lmmersion lon lmplantation the material used as a

substrate/target must satisfy the following characteristics:

o The target can be of any configuration such as a thin disc, a rod, mesh

or a wire;

o lt must be a material that is good at keeping the deuterium atoms for a

long period of time (e.9. it should not disorb it);

o It must be a conductor; and

o Be capable of withstand high voltage (HV) power deposition.
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3.2.1 Common ground of Plasma lmmersion lon

lm plantation techn iq ues

As discussed in section 2.2, in all Plasma lmmersion lon lmplantation the

surface of a substrate is immersed in a plasma environment and a relatively

high substrate bias-voltage is applied. ln this study, the substrate bias was

pulsed [And02]:

To limit the sheath size when operating at high voltage (>10 kV) and

low pressure plasmas;

To allow the near-substrate region to be refilled with ions during the

bias-off time; and

To have an additional degree of freedom such as pulse length and duty

cycle for the design of treatment processes.

3.3 Experimental setup for neutron detection

The experimental setup for the neutron detection in this study consisted of the

following:

Detector

Fig 3.10. Schematic diagram illustrating the electronr'cs used for neutron detection for this

expriment.

a

DualCounte Oscilloscope

Amplifier SCA
ng Time to Pulse Height
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Gate DelayTime pickoff
control

Detector
Bias

4l

o

o

http://etd.uwc.ac.za/



a NE213 liquid scintillator detector, a detector HV bias (model 3002), an

amplifier (model: 572 Ortec), a timing SCA (model: 520A Ortec), a time pickoff

control (model. 403A Ortec), a gate and delay generator (model: 416 Ortec), a

time to pulse height converter/ SCA (model 467 Ortec), a dual counter timer

(model 2O71A) and a Tektronix 2465 300MHz oscilloscope. The system

electronics for the experimental setup is illustrated in Fig 3.10.

o Detector

The detector used in this study was NE213 liquid scintillator detector which is

an organic scintillator. In this type of detector, the energy of the incoming

radiation passes through an organic solvent and is absorbed (the organic

solvent consists of a small amount of scintillation material added to it), by

exciting the electron in the scintillating material into one of a number of

excited states. During this time, the emission of light results [Kno00]. The

detector was connected to a photomultiplier tube (PMT) and preamplifier as

illustrated in Fig 3.1 1 below. ln this study, only one detector was used which

was placed next to the plasma chamber. The number of counts at different

target bias voltages is presented in Chapter 4, section 4.1.

Scintillation Material

Preamplifier

Photomultiplier tube (PMT)

Fig 3.11. Schematic presentation of the conneclion of the NE2l3liquid scintillator

detector to the photomuftiplier tube (PMT) and preamplifier.

3.3.1 Background measurements

The detector background arises from primary cosmic radiation, which can be

either of galactic or solar origin, or natural radioactive decays e.g. 'roK, Th and

U. Cosmic radiation is made up of charged particles and heavy ions with

v\ +
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extremely high kinetic energies. When such particles interact with the

atmosphere (as shown in Fig 3.12), a large number of secondary particles are

produced. This includes the production of pi and mu mesons, electrons,

protons, neutrons and electromagnetic photons with energy ranges up to

hundreds of MeV [Kno79].

Primary
cosmic fay

Electromagnetic
cascade

Nucleonic
cascade

+
7E

e
T

e e e

e

Air
Ground

N, P - High+nergy neutron or proton
N, p - Evaporation neutron or proton
r - Pion
p - Muon
e - Electron
7 - Gamma ray

7fl 
Nuclear disintegration

Fig 3.12. Schematic presentation of the propagation of secondary cascade through the

atmosphere [Dar01].

The radiation discussed above, reaches the earth's surface and creates the

background pulses in the detector.

ln this study, the background radiation was traced by counting the number of

counts for 1000 s when the system was switched off. From the average value

of the background counts, the total number of counts was found (see equation
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4 3) The results and the importance of background measurements are

presented and discussed in section 4.1.2

3.4 Data collection processes

Data was collected every time before the experimental parameters were

changed. The procedure used was to look at the different readings such as

target maximum bias voltage, substrate current and number of counts on the

dual counter. These readings were written down immediately before the pulse

voltage was changed. The tables for different relationship of parameters

during neutron detection experiments are presented in Chapter 4 section (4.1)

as the results of this study.

3.5 Limitations and gaps in the data

ln this thesis, our aim is to present the exact data. The data presented on the

results in section 4.1 has the following limitations:

. Limited range of pressure (4 to 5 Pa).

. The radio frequency voltage below 50 and pulse frequency below 250

Hz since above these values, it was impossible to read the maximum

pulse voltage in our system due to plasma instabilities and arcing.

o Peak pulsed voltage limited to less than 25 kV due to limited ability of

the present power supply.
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CHAPTER 4

Results: Presentation and Discussion

ln this chapter, the most important aspects of the results such as description

of main results, discussion of main trends and the summary of the main

results are presented.

4.1 Description of main results

ln this section the results of the neutron monitor, background measurement,

predicted and calculated number of neutrons produced and the implantation

of deuterium ions into titanium target results are presented.

4.1.1 Results of neutron monitor (Bonner sphere)

The neutron monitor (see Fig 3.2) was found to be sensitive to any type of

signal that arose during the experiment. Our aim was to detect the neutrons

and not other signals due to spurious electronic signals. This forced us to use

the NE213 liquid scintillator detector in order to detect the radiation coming

from neutrons and gamma's that were produced at certain pulse voltages.

The proportional counters discussed in section 2.4.2 were not used because

they are sensitive to electromagnetic pulses from the pulsed HV system and

could not be easily discriminated against. However, in an NE213 detector

such signals were distinguished by the electronics of the detection setup

used. The number of counts registed by the NE213 detector at each target

bias voltage at different frequency are presented and discussed in the

following sections.
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4.1 .2 Background measurements results

Background data presented here was collected when no radio frequency (RF)

or high voltage (HV) was present.

Background measurements for 1000 seconds

Tria! No.

No of counts
(N)

Experimental
mean (x, ) Distribution functio n n(x)

1 1+1 4.5 + 0.6
F(l) = 0.12 3+1.7 4.5 + 0.6

3 2+ 1.4 4.5 + 0.6
F(2) = 0.24 2+ 1.4 4.5 + 0.6

5 8+2.E 4.5 + 0.6
F(3) 0.16 4+2 4.5 + 9.5

7 7 + 2.65 4.5 + 0.6
F(4) = 0.28 8+2.8 4.5 + 0.6

9 4+ 2 4.5 + 0.6
F(6) = 0.110 6+2.5 4.5 + 0.6

F(7) = 0.1

F(8) = 0.2

Normalized = 1

Table 4.1: Background measurement resufts for 1000 seoonds.

The associated uncertainties of the background measurements ( il ) as shown

in Table 4.1 were found by using the usual experimental standard deviation

equation [Kno00]:

(4.1)

The uncertainty shown in column of (X") in taOte 4.1 is calculated by using

the following equation ILin07]:

unc--,".,[f]

o"* = JN

46
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Where uncis the uncertainty, (e) it the experimental mean and N. is the

total number of counts

In order to know the total number of counts, the background radiation must be

determined first so that the total number of counts can be determined by the

following equation:

NC rorot - i[C"*p - NC ao"kg,ornd (4 3)

where |[C"*n is the experimental number of counts and NC no"kg,o,d is the

background radiation. The parameters (X, ) and e(X) shown in Table 4.1 are

often used in data description, and they are defined in Appendix D. The

distribution function chart for the data given in Table 4.1 is illustrated in Fig

4.1.

Background measurements for 1000 seconds
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Fig 4.1: Distribution function for data given in Table 4.1
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The relative shape of the distribution function chart shown in Fig 4.1 indicates

qualitatively the amount of internal fluctuation in the data given in Table 4.1.

4.1.3 Predicted and calculated number of neutrons

produced

ln this study, one NE213 detector of radius, ro = 3.65 cm, was used to detect

the radiation produced such as neutrons and photons. The NE213 detector

was placed at a certain distance, da = 5.3 cm from the plasma chamber of

radius, r'c = 5.3 cm, as is shown in Fig 4.2.

Chamber

Sphere

NE213 detector 1"6

d6

Neutron source rc

Fig 4.2: A diagram showing the distance between the radiation source and detector.

ln order to predict the number of radiation particles produced at a specific

target maximum bias voltage, a spherical model with radius rs was assumed

(see Fig 4.2). This assumption was made so that the ratio fr of the surface

area of a sphere (o*?) to the area of a detector surface ("ir"tt = *:) could

be derived from basic principles that is;

(r" +do)
= q( g\' = 23.3

l'o )

t

D
ii

p= -t
rd

2
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The value of B above is important because it is used in predicting the number

of radiation particles produced (.afr) wnich is given by [Fra06]:

N o = 4(NC,.,.,i?] = 4(NC,.,",tn)' = fr(NC,.,.,)= zt.t(NC,.,,) (4.5)

where NC,o,o, is the total number of counts after background subtraction (see

equation 4.3). The term B is involved in equation 4.5 because in the Pl3

processes, the radiation particles such as neutrons and photons are produced

isotropically that is; they are produced in all directions (e.9. no preferred

angle).

Apart from ,l[o, the calculated tota! number of fusion reactions that occurred

( fq, ) can also be determined by using the following equation [Fra06]:

NF",= LN..f .t- (4 6)

where / is the frequency of the HV power supply, r. is the measurement

time, which is 1000s in this study, and AN is the number of fusion reactions

during each pulse given by Uhm and Lee [Uhm91] as:

AN= (4.6.a)

where no is the density of deuterium atoms in the titanium target, which in this

study was assumed to be bo=lxlOtsatomslcmt). The term I,o, is the

average ion current per pulse; r is pulse length using an average l}trrs in our

results and the ion kinetic energy E at the target surface is in keV units. The

term (Ar) is the penetration depth of the deuterium ions into the titanium

target, which was determined using the SRIM program [Bie03, Zie77l. The

^l "[E"ro(o)l,",Lrtl
l4se)
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(4.6.b)

where the coefficients Ar=47.88, Ar=482, Az=3.08x10{ and Aq=1.177

for the D-D reaction. The results for the relationship of the above-mentioned

parameters are presented in tables 4.2 - 4.6 in section 4.1 .4.

Furthermore, in this study, the calculated total number of fusion neutrons over

a solid angle of 4n per 1000 s in the detector are presented as the

optimistically predicted (P,) which is given by [Fra06]:

Po _ NF., (4.7)
p

where ( fC,) and B are described as in equation 4.6 and4.4, respectively. lt

is emphasised that the no value is taken/assumed as no =lx1018 qtomslcm3

for the Po results presented in Tables 4.7 - 4.1'1. The pessimistically

predicted, Pr, results are also presented in Tables 4.7 - 4.11, but in this case

the no value was assumed to beno =l x 101u. The assumed large values of no

will be discussed in detail in section 4.2. With this assumption one could

easily recognize that the pessimistically predicted { results can be given by

the fo!lowing simple equation:

term o(f) in equation (4.6.a) is the cross section of the nuclear fusion in cm2,

which is given by Huba [Hub02] as

o(z)=ffi

p, = ,o-,[{}_) = ro-z po, ( B ) = lo-'Po (4-8)

whereby the factor 10-2 results from the ratio of the assumed density of Po lo

that of Po The above simple equation simplifies the repetition of the
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calculations because all the conditions for n(krt),Lr(cm), oG*') and t-,(,q)

are the same, except the no value that will only change the AN and Nd,

values by a factor of 10 2. The results for the Po and P, are presented in

Tables 4.7 - 4.11.

4.1.4 lmplantation of deuterium atoms into titanium

target results

ln this section, the results at different frequencies for the relationship of the

parameters mentioned in the above section are presented in the following

Tables. The associated uncertainties shown in the columns of NC"* in Tables

4.2 4.6, were found by using equation 4.1 discussed earlier. The

uncertainties shown in columns of NC,o,", in Tables 4.2 - 4.11, were found by

using equation 4.2whereby the following conditions were made, that is; (X,)

= NCrr, and ^V, = NC",.p.

Table 4.2: lmplantation of deuteium atoms into titanium target resu/fs. All measurements

were recorded at frequency of 50 Hz, with an RF voftage of 40 V and a chamber pressure of

20 mbar.

Tial
# n(tctr) Lr(cm) oG*') t r,('q) NCexP N

P NC,o,ot MT NFn

1 10.63 1.1EE-.05 1.02E-29 0.04 3+2 0 0t0 4.44E-05 2.22E+00
2 12.19 1.34E-05 2.27E-29 0.06 5+2 12 0.5 a 0.2 1.75E44 8.77E+00
3 14.3E 1.52E-,05 5.50E-29 0.06 5+2 12 9.5 + 0.2 5.4EE-04 2.74E+O1
4 16.25 1.73E-05 1.00E-28 0.13 18 r.4 315 13.5 + 3 2.4EE43 1.24E+O2
5 18.13 1.90E-05 1.65E-28 0.14 20+4 361 15.5 + 3 5.24E-03 2.62E+02
6 20.94 2.15E-05 3.04E-2E 0.20 23r5 431 1E.5 r 4 1.69E-02 E.44iE+02
7 22.50 2.29E45 4.04E-28 0.23 24+5 454 19.5 + 4 2.78E42 1.39E+03
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Tial
# r(*rr) tr(cm) ob-') t -,(,q) NC

exP
Np NC,o,o, MT NF",

1 10.63 1.1EE-05 1.02E-29 0.038 4+2 0 0+0 4.10E-05 2.05E+00

2 12.50 1.37E{t5 2.62E-29 0.047 4+2 0 0+0 1.65E-04 9.24f+00
3 14.68 1.58E{ts 6.10E-29 0.038 3rl 0 0+0 3.85E{r4 1.92E+0i

4 16.EE 1.79E-05 1.20E-28 0.044 7+2 58 2.5+1 1.07E-03 5.34f+0i
5 1E.U 1.93E-05 1.78E-28 0.047 3+1 0 0r0 1.92E-03 9.61E+01

6 20.63 2.,l3E{5 2.86E-28 0.056 E+3 E1 3.5+1 4.32E-03 2.16E+02

Table 4.3: lmplantation of deuteium atoms into titanium target resulfs. All measurements

were recorded at frequency of 50 Hz, with an RF voftage of 50 V and a chamber pressure of

lE mbar

Table 4.4: lmplantation of deuterium atoms into titanium target resulfs. All measurements

were recorded at frequency of 100 Hz, with an RF voftage of 50 V and a chamber pressure of

18 mbar

Table 4.5: lmplantation of deuterium atoms into titanium target resu/fs. All measurements

were recorded at ftequency of 200 Hz, with an RF voltage of 50 V and a chamber pressure of

18 mbar.

Trial
# tQcrr) Lr(cm) oG*') t-,(,q) NCexp N

P NC,*, Air/ NF.,

1 10.94 1.21E45 1.02E-29 0.031 22+ 4 40E 17.5 r4 3.07E-05 7.68E+00

2 12.50 1.37E-05 3.42E-29 0.063 9+3 105 4.5+1 3.08E-04 7.59f+01
3 14.69 1.58E-05 9.14E-29 0.106 17 r.4 291 12.5 + 3 1.'l5E{3 3.63E+02

4 1E.M 1.93E-05 1.41E-28 o.141 30+5 594 25.5 + 5 2.74E43 6.E4E+02

5 20.31 2.10E-05 2.O5E-28 o.147 32+ 5 641 27.5 x.5 4.79E-03 1.29f+03
6 22.19 2.26E-05 2.6EE-2E 0.203 34+6 687 29.5 t 5 7.92E-03 1.99f+03

Tial
# o(*rt) Lr(cm) o("*') I -,(A) NC exP N

P
NCr*, AN NF",

1 10.31 1.15E-05 E.4EE-30 0.041 9t3 105 4.5+1 3.53E{rs 3.5tf+00
2 12.50 1.37E-05 2.62E-29 0.069 7*2 58 2.5+1 2.42E-04 2.42E+01

3 14.69 1.58E{5 6.12E-29 0.097 6+2 35 1.5 + 1 9.99E{r4 9.99E+01

4 16.25 1.73E-05 1.00E-28 0.125 9+3 105 4.5+1 2.42E43 2.42E+02

5 16.M 1.93E-05 1.78E-28 0.047 9+3 105 4.5+1 1.92E-03 1.92E+02

6 20.63 2.13E-05 2.86E-28 0.056 {0+3 12E 5.5+2 4.32E-03 4.32E+02

7 22.50 2.29E-05 4.04E-28 0.066 12+3 175 7.5+2 7.99E-03 7.99E+02

E 24.78 2.4EE-05 5.80E-28 0.066 19+4 338 14.5 + 3 1.31E42 1.31E+03
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Trial
# n(tt ) Lr(cm) oG*') t-,(,q) NC cxP N

P
NCtotal AN NF.,

1 10.63 1.1EE-05 1.O2E-29 0.028 9+3 105 4.5+1 3.07E-05 7.6EE+00

2 13.13 1.43E-05 3.42E-29 0.063 10+3 128 5.5+2 3.08E-04 7.69E+01

3 15.94 1.70E-05 9.14E-29 0.084 12+3 175 7.5+2 1.'l5E-03 3.63E+02

4 17.50 1.E4E-05 1.41E-2E 0.091 11 13 151 6.5+2 2.74E43 6.E4E+02

5 19.06 1.99E-05 2.O5E-2E 0.097 12+3 175 7.5+2 4.79E-03 1.20E+03

6 20.31 2.10E-05 2.6EE-2E 0.1,l 3 l0r3 12E 5.5 12 7.92E{t3 1.9Sf+03

Table 4.6: lmplantation of deuteium atoms into titanium target resuffs. All measurements

were recorded at frequency of 250 Hz, with an RF voftage of 5O V and a chamber pressure of

18 mbar.

ln the following tables the optimistic predicted Po and the pessimistic

predicted P, number of counts (as seen in the detector) relationship as in

equation 4.6 are presented.

Trial# n(rcrt) Po PP NC**,
1 10.63 9.53E{t2 9.53E-04 0.0+0
2 12.19 3.76E-Ol 3.76E-03 0.5 + 0.2
3 14.38 1.1tf+00 1.18E42 9.5 + 0.2
4 16.25 5.32E+00 5.32E42 13.5 + 3
5 18.13 1.12E+O1 1.12E41 15.5 + 3
5 20.94 3.62E+01 3.62E-,Ol 18.5 + 4
7 22.5 5.97E+01 5.97E-01 19.5 r 4

Table 4.7: Optimistic and pessimistic resu/fs of implantation of deuterium atoms into titanium

target, allmeasurements at 50 Hz and RF voftage of 40 V at chamber pressure of 20 mbar.

Trial# n(rcr) Po PP NC,o,o,

1 10.63 8.80E-02 8.80E-04 010
2 12.50 3.54E-01 3.54E-03 0+0
3 14.68 8.24E41 8.24E-03 0+0
4 16.E8 2.29f+00 2.29E-02 2.5+1
5 18.U 4.1tt+OO 4.12E42 0+0
5 20.63 9.27E+00 9.27E42 3.5+1

Table 4.8: Optimistic and pessimistic resulfs of implantation of deuteium atoms into titanium

target, all measurements at 50 Hz and RF voftage of 50 V at chamber pressure of 18 mbar.
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Trial# r(tctt) Po Pp NC,o*r

1 10.94 3.30E-01 3.30E-03 17.5 t 4
2 12.5 3.30E+00 3.30E-02 4.5+1
3 14.69 ,l.56E+01 1.56E41 12.5 r 3
4 18.M 2.94E+01 2.94E41 25.5 + 5
5 20.31 5.15E+01 5.15E-01 27.5 + 5
6 22.19 8.50E+01 8.50E-Ol 29.5 + 5

Table 4.9: Optimistic and pessrhnisfic resulfs of implantation of deuteium atoms into titanium

target, allmeasurements at 100 Hz and RF voftage of 50 V at chamber pressure of lE mbar.

frial# z(rrr) Po Pp NC,*,
1 10.31 1.52E4 1 1.52E-03 4.511
2 12.50 1.04E+00 1.04E42 2.5+1
3 14.59 4.29E+00 4.29E42 1.5+1
4 16.25 1.04E+01 1.04E-01 4.5+1
5 18.U 8.24E+00 E.24E42 4.5r1
6 20.63 {.E5E+01 1.E5E-01 5.5+2
7 22.5 3.43E+01 3.43E{l 7.5+2
8 24.78 5.62E+01 5.62E-01 14.5 + 3

Table 4.10: Optimistic and pessimrsfic resulfs of implantation of deuteium atoms into titanium

target, allmeasurements at 200 Hz and RF voftage of 50 V at chamber pressure of 18 mbar.

Trial# o(rev) Po PP NC*,,
1 10.63 3.30E{tl 3.30E-03 4.5a1
2 13.13 3.30E+00 3.30E{t2 5.5+2
3 15.94 1.55E+01 1.56E-Ol 7.5+2
4 17.5 2.94E+01 2.94E41 6.5+2
5 19.06 5.15t+0i 5.15E{'l 7.5+2
6 20.31 E.50E+01 E.50E41 5.5 +2

Table 4.11: Optimistic and pessmisfic resu/fs of implantation of deuterium atoms into titanium

target, all measurements at 250 Hz and RF voftage of 50 V at chamber pressure of 18 mbar.

The graphs showing the relationship between NC,o,or, po and po asa function of

energy at different frequencies for the implantation of deuterium atoms into

titanium target are presented in Fig 4.3 - 4.7. Note that when plotting the
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predictions, events less than 1.0E-01 are plotted as 1.0E-01 since this is

equivalent to zero counts monitored in the detector during a 1000 s counting

time.
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Fig 4.3: Graph of number of fusion neutrons against energy for data in Table 4.7.

Fig 4.4: Graph of number of fusion neutrons against energy for data in Tabte 4.8.
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Fig 4.5: Graph of number of fusion neutrons against energy for data in Table 4.9.

Fig 4.6: Graph of number of fusion netrtrons against energy for data in Table 4.10.
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Fig 4.7: Graph of number of fusion reaction occuffed against energy for data in Table 4.11

4.2 Summary of the main results and discussion of

main trends

ln general, the results demonstrate that when the voltage is increased (in the

pulse generator) the amplitudes of voltage and current pulses are also

increased and the more the number of neutrons is observed. The results are

optimistically and pessimistically predicted based on the following

assumptions.

The ion current (.I,,,) was assumed to be constant, whereby the

maximum value was used which was not necessarily the case at the

time of peak voltage. As can be seen on the oscilloscope trace in Fig

4.8 that at maximum voltage pulse there is virtually no current.

The voltage was not constant as it was considered in this study

because there is a period of voltage increase during which current

rapidly rose.

a
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a It was assumed that voltage and current pulse trace was exactly the

same for the measured time of 1000s

It was assumed that voltage and current are uniform for width of pulseo

o

r (i.e. maybe rr" | ,or!11210
(a)

(b)

Fig 4.8: Photograph of the oscilloscope showing the voftage peak (a) and cunent pak (b) on

the y-axis against time on the x-axis.

lon density of the deuterium atoms in the titanium target no was not

measured and it is complex to determine/ measure this value. It was

assumed, based on nitrogen implantation research preformed with the

same equipment. Unfortunately from nitrogen implantation research

no could be anywhere between 101a - 1022 or even as low as 10e

based on depth profile analysis, but still an uncertainty of 1 -2 orders

of magnitude could result.

Detection efficiency of the detector was not taken into consideration as

only a correction for the solid angle was made.

The penetration depth of deuterium ions into titanium target was

calculated using the computer software SRIM. lt could have been
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measured using RBS or NRA (if time had been available for such

measurements), and it was assumed to be uniform.

The results presented in this thesis, have the lack of neutron background

measurement data with pulsed power supply and RF operating where the

non-fusion gases such as argon or nitrogen gas could have been used so that

the results could be compared to the fusion deuterium gas. Due to problems

with the HV pulsed power supply only a few background measurements were

performed using nitrogen gas, RF power on and pulsed HV at 15 kV, at 50 Hz

and 100 Hz. The number of "neutron" counts measured in the neutron

detector (NE213) was 7 and 8 respectively. ln conclusion, the results for this

project shows that the fusion reaction will only occur if the fusion gas such as

deuterium is used, otherwise no fusion reaction will occur.
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CHAPTER 5

Gonclusions and Recommendations

ln this chapter the conclusions based on the results of this study are made

and future work on the study is also recommended.

5.1 Outlook

This study concludes that the Pl3 process is indeed a potential candidate for

the production of neutrons. The neutron generator developed in this study is

portable and reliable [Han91], that is; it is easily movable compared to the big

accelerator such as Van de Graaff. The most important issue with regards to

the system is its versatility [Chu97] in that it could also be used for other

purposes such as applications mentioned in section 2.2.5. As far as this study

is concerned the neutron source will be free from radiation hazards when the

generator is switched off.

For the future work on the study the following are recommended:

Employing a higher voltage power supply capable of delivering a

higher voltage than the present one at an even higher frequency, in

order to allow the fusion reaction to take place so that more neutrons

can be generated.

A popular approach such as using the Langmuir probes in order to

asses/evaluate the ion density/plasma density in the processing

chamber must be attempted [Chu97]. This may be better than

assuming the plasma density as it was for this study.

lmproving the neutron detection probability in this technique, the

neutron moderators such as polyethylene blocks with detectors placed

inside them may surround the chamber for neutron detection rather

than predicting the number of neutrons produced.

o

o
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Appendix A
Plot of neutron production cross-section and the total yield of neutrons versus
deuteron energy [Tec96].
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Appendix B
B-1

The data tables in B-1 and B-2 [sb87] were found by using the "croscalc"

program of which its input is as follows for D-T reaction and the input for D-D

reaction is presented in B-2. After the input has been inserted the program

runs and gives the values of Lab and centre of mass angle, Energy and cross-

section.

Program input for D-T reaction

Mono-energetic neutron production
Label reaction by mass number of projectile and target
Projectile mass: 2
Target mass. 3
Neutron from the reaction 3He1d,n1oHe

Projectile energy or negative neutron energy at 0 deg (MeV): 0.02
Number of angles (negative if c.m.): 15
Angles, one by one. 1 -ve value for constant angle spacing: -10
lncident lab energy: 0.02 MeV

Data for D-T reaction
Laboratory System Centrc-of+nass System

Angle
(degrees)

Cross-section
(mbam)

Angle
(degrees)

Cross-section
(mbarn)

Energy
(Mev)

Using 0.02 MeV in Legrendre Table

0

10

20

30
40
50
60

70

EO

90
100
110
120
130
140

4.699
4.69E

4.693
4.6E5
4.676
4.663
4.649
4.634
4.617
4.600
4.5E3

4.566
4.551

4.537

4.525

14.36
14.356
14.342
14.391
14.289
14.251
14.208

14.16
14.109
14.056
14.004
,l3.954

t3.906
13.E64

13.827

0

10.11

20.21

30.31
40.39
50.47
60.53
70.58

80.6
90.61

100.6
110.5E

120.53
130.47

140.39

4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
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B-2

Program input for D-T reaction

Mono-energetic neutron production
Label reaction by mass number of projectile and target
Projectile mass: 2
Target mass. 2
Neulron from the reaction 2He1d,n;aHe

Projectile energy or negative neutron energy at 0 deg (MeV): 0.02
Number of angles (negative if c.m.): 15
Angles, one by one. 1 -ve value for constant angle spacing: -10
Incident lab energy: 0.02 MeV

Data for D-D reaction
Laboratory System Centre-of+nass System

Angle
(degrees)

cross-section
(mbarn)

Energy
(MeV)

Angle
(degrees)

cross-section
(mbam)

o.027
0.027
0.026
0.025
0.024
0.023
0.021
0.02
0.02
0.02
0.02

0.021

0.022
0.023
o.024

Using 0.02 MeV in Legrendre Table

0

l0
20
30

40
50
60
70
EO

90

100

110
120
130
140

0.029
0.028
0.02E
0.026
0.025
0.023
0.022
0.021

0.02
0.02
0.02
0.02

0.021
0.022
0.023

2.616
2.614
2.606
2.594
2.578
2.557
2.534
2.509
2.482
2.454
2.427
2.401
2.377
2.356
2.337

0

10.32

20.63
30.92
41.18
51.4

61.59
71.72

81.E

91.83
101.8

111.72
121.59

131.4
141.1E
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Appendix C
Neutron detection data tables for two different detectors (e.g. 3He and BF3 gas

filled detectors) [Fra99].

Data for BFr detector Data for LND 3He detector

Voltage Number of counts
0 0

50 0

100 0
150 0

200 0
250 0
300 0

350 0

400 0
450 0

500 0

550 0

600 0
650 1

700 1

750 1

E00 1

850 0
900 4
950 t0

1000 59
1050 484
1100 699
1 150 747
1200 801

1250 827
1300 809
1350 839
1400 842
1450 540
1500 E12
1550 898
1600 8E9
1650 885
1700 E57

1750 877
1800 969
1E50 945
1900 1004
1950 943
2000 70E

Voltaqe Number of counts
800 0

E50 2

900 6E

950 141

1000 273
1050 426
1100 4E7

I 150 520

1200 593
1250 679

1300 742
1350 74E
1400 746
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Appendix D
A number of successive readings from a radiation counter for repeated time

intervals of equal length must be taken into consideration for the purpose of

data characterization. Two elementary properties of the data must be

considered, these are:

"Sum" , (D 1)x

"Experimental mean" (x 
") =Z A (D 2)

It is also convenient to present data set by a corresponding frequency

distribution function f(x).The value of f(x) is the relative frequency with

which the number appears in the collection of data. By definition [Kno79]:

r(D=# (D.3)

Where X and N are number of occurrences and measurements respectively.

This parameter is very important because any set of data can be completely

described by it frequency distribution function F(X) The distribution is

automatically normalized that is,

lr(x)=r
X-O

(D.4)
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