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ABSTRACT

Particle accelerators are often used for both ion implantation and ion beam analysis,
therefore the accurate and precise knowledge of the energies of the accelerated ions is
essential. From the analytical point of view, the energy of the accelerated ion needs to be
known with high precision which can only be achieved through calibration. Ghana Atomic
Energy Commission hosts a 1.7 MV tandem accelerator, at the Accelerator Research
Centre (ARC). This facility uses ion beam techniques such as Proton Induced X-ray
Emission (PIXE) and Rutherford Backscattering Spectrometry (RBS) for elemental
composition analysis of materials to address issues in health, biological, archaeological,
forensic and other areas of science. This study was designed to calibrate the energy of alpha
particle which is mainly used for RBS analysis. The main objective of this study is to
develop a quick, but effective and efficient method for calibrating the @ (He) beam energies
produced by the Accelerator Research Centre facility for Rutherford Backscattering
Spectrometry. The detector system (Silicon surface barrier detector) for the RBS technique
was also calibrated. The method utilized involved the irradiation of four (4) different
sample (Au, Si, Cu and Al) targets with a Helium beam of known energy to find the offset
in the RBS detector. Americium (***Am) radioactive target with energy 5.486 MeV was
utilized to calibrate the surface barrier detector. Lastly Gold target was irradiated with
helium beam at five (5) different accelerator terminal voltages to complete the system
energy calibration. At the end of the study, an offset parameter of -70.24 was determined
in the channel of the detector system. Detector system constant of 962.8 Channels/MeV
was determined. All these parameters were used as input parameters to calibrate the whole

accelerator system (ion beam energy and detector). The calibration procedure was tested



against the nuclear resonance method of calibration which is currently utilized at the ARC,
and it was found to be in good agreement with published  2’Al(a, 0)?’ Al nuclear reaction

resonance data

An efficient and effective accelerator ion beam energy calibration technique has been
successfully adopted and implemented. Although this method is highly efficient, it is also
very simple and cheap. This because only five steps of energy ranges were used during the
processes of the ion beam energy calibration as compared to the several runs of energy
range used in nuclear resonance technique of ion beam energy calibration at the ARC

facility.



CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND TO THE STUDY

A particle accelerator is an equipment which uses electric fields to accelerate charged
particles close to the speed of light and uses magnetic fields to put them in a well-defined
beam. In other words, particle accelerators are equipment used to accelerate charged
particles to higher energies. A particle accelerator mostly consists of three divisions

namely;

i.  Particles or ions generation source
ii.  Accelerating medium for the particles or ions
iii.  Scattering chamber.
Basically, particle accelerators are classified into two groups. These are electrostatic and
electrodynamic accelerators (Sarah, 2017). Electrostatic accelerators make use of static
electric fields to accelerate particles. A typical electrostatic accelerator is the Pelletron
accelerator which has its pellet chain operated at a higher velocity to achieve a higher

energy. Figure 1.1 illustrates a typical Pelletron accelerator system.
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Figure 1. 1: Schematic diagram of a pelletron accelerator system (Barbalat, 1994)

On the other hand, electrodynamic accelerators employ changing electromagnetic fields to
accelerate particles. For electrodynamic accelerators, the changing magnetic field is
enabled by magnetic induction or oscillating radio frequency fields. This kind of

accelerator is either a linear (linac) or a tandem accelerator.

Around the world and in the field of nuclear and atomic physics, particle accelerators are
mostly dedicated for qualitative and quantitative analysis of materials. Through the
application of particle accelerators, physicists have been able to probe the nucleus and

determined its structure and behaviour (Barbalat, 1994).

Particle accelerators are the basic tools for grasping the behaviour of distinct forms of

sample materials and the functional and structural behaviour of materials.

lon beam energies produced by particle accelerators have fast rising applications in nuclear

and atomic physics researches as well as in many other areas, such as astrology and



cosmology, medicine and biology, material sciences, environmental studies and the study

of art works and archaeological artifacts (Sarah, 2017).

Radiations from ion beam interaction with target materials are characteristics of individual
elements present in the materials. In nuclear spectroscopy, distinct ion beam energies are
required to cause nuclear reactions so as to identify distinct elements present in a sample
during analysis. It is important to perform routine beam energy calibration of particle
accelerators so that ion beam energies of the charged ions extracted from them are accurate

enough to cause specific nuclear reactions when interacted with the target nuclei.

Ghana’s first Accelerator Research Centre (ARC) has been established and was
commissioned on the 18" March, 2016. The ARC hosts Ghana’s ion beam accelerator, a
1.7 MV Pelletron / Tandem accelerator, at the premise of the Ghana Atomic Energy
Commission, (GAEC). According to a technical report released by GAEC (Ghana Atomic
Energy, 2015), the function of the ARC in Ghana includes research, application in many

areas of the economy and training of human resource in science and technology.

The ARC uses ion beam techniques such as Proton Induced X-ray Emission (PIXE) and
Rutherford Backscattering Spectrometry (RBS) for elemental composition analysis of
materials. It is also used to address issues in health, biological, archaeological, forensic and
other areas of science. This facility requires routine calibrations in order to minimize any
measuring uncertainty in results, and also improve quality and accuracy of the ion beam

analysis (IBA) technique.



1.1.1 lon Beam Energy Calibration

In nuclear spectroscopy, specifically at accelerator facilities, ion beam energy calibration
is the process of configuring the accelerator system so that the ion beams produced by the
accelerator when incident on target materials would cause the required nuclear reactions
(www.tempcon.co.uk). A calibrated ion beam of an accelerator system ensures reliable and
repeatable measurements in nuclear spectroscopy. lon Beam energy calibration of a
particle accelerator becomes necessary when the accelerator system is restarted after a long
period of shutdown. Other factors such as grid misalignment can also cause beam energy
loss in accelerator systems. Particle accelerators are required to be calibrated when
programs such as modification and improvement are carried out. Such modifications
include replacing accelerator components such as the nuclear magnetic resonance (NMR)
fluxmeter, coils, and diodes of particle accelerators (Roxana et al., 2012). The main beam

types used in the ARC facility are the proton and helium beams.

1.1.2 lon Beam Calibration Techniques

There are a number of techniques used in calibrating accelerator ion beam energy at any
accelerator facility.

Some facilities make use of the resonance and threshold reaction technique. Accelerator
calibration using a sufficient number of resonances requires large amount of accelerator
beam time since the majority of the resonant nuclear reaction suitable for use in calibration
are of low cross-section. Some resonance reactions such as the proton silicon resonance

beam energy calibration method have poor precisions (Lane et al, 1993).



There are techniques based on detector technologies such as the time of flight. This
technique of ion beam energy calibration is not preferred because it is less precise and
requires complex instrumentations even though it takes less accelerator running time (Lane
et al, 1993).

Other facilities make use of the magnetic method of ion beam energy calibration (Roxana
et al., 2012). This method of ion beam energy calibration is not recommended because it
is time consuming, beams of distinct isotopes simultaneously produced can be non-linear
if a wide energy range is examined. Also, there is a high probability of analyzing magnet
differential hysteresis occurring when the magnetic method of calibrating the ions of an
accelerator system is used (Roxana et al., 2012).

Few facilities make use of the non-resonant technique. This method requires independent
and expensive calibration of the y-spectrometer (Calaux et al, 2015). The non-resonant
method is time consuming and unsuitable for routine use because the reaction cross-
sections of target materials are so low to give accurate and precise ion beam energies
(Colaux et al., 2015).

In this work, the RBS energy calibration technique is used. Accelerated ions (a-particles)
from the accelerator are elastically scattered from a known target (Au), and the measured
energy of the backscattered a-particles are compared to that for the known energy of a-
particles from a 10ug/cm? thin layer *!Am radioactive source. This method requires
neither modification to the experimental setup nor complex instrumentation. Comparing
the RBS ion beam energy calibration method being used in this study to the existing

resonance method, magnetic method, the non-resonant and time of flight methods, it has



been established that this method is more efficient, accurate, quicker and cost effective

(Lane et al, 1993).

1.2 STATEMENT OF RESEARCH PROBLEM

Practically, there could be a difference between the energies of ion beams produced from
the tank of the accelerator and what is measured at the detectors; this can be dependent on
the many accelerator beam parameters such as the terminal and ion source voltages
(Roxana et al., 2012).

At the ARC, the resonance and threshold reaction technique is employed for ion beam
energy calibration of accelerated ion beams. However, this technique takes a very long
accelerator run time. Also, a wide energy range (1 MeV to 5 MeV) has to be covered at
incremental steps of 5 keV per measurement. Consequently, the nuclear resonance and
threshold reaction method has become an expensive method of ion beam energy calibration

due to the high cost involved in purchasing electricity for an extended accelerator runtime.

1.3 JUSTIFICATION OF STUDY

There are a number of techniques used in calibrating accelerator beam energy at any
accelerator facility.

The accelerator facility at GAEC makes use of the resonance and threshold reaction
technique to perform energy calibration of the ion beams that it produces. This method of
ion beam energy calibration is expensive. It is also associated with a longer accelerator run
time because majority of the resonance nuclear reaction suitable for use in beam energy

calibration are of low cross-section.



However, the current method being developed would solve the current challenges being

faced.

1.4 GENERAL OBJECTIVE OF STUDY
This study seeks to adopt a quick, cost effective but efficient method of ion beam energy
calibration as a routine method for the Accelerator Research Centre (ARC) facility at
GAEC for reliable ion beam analysis results.
Specific objectives:
This study aims to obtain,

i. awell calibrated detector system with the use of 2!Am (americium) radioactive

source,
ii. a precisely calibrated accelerator system with the Rutherford Backscattering

Spectrometry (RBS) technique.

1.5 ORGANIZATION OF THE REST OF STUDY

The rest of this thesis is organized as follows:

Chapter two is the literature review of related matter to the present study. This chapter
details the history and development of particle accelerators and the constituents of the
accelerator system. This section reveals that the quest for higher energies by the scientific
world brought about the idea and the development of particle accelerators. Cockroft-
Walton-type multipliers, Van de Graaff generators, Cyclotrons, Synchrotrons, Storage

Ring Collider accelerators are discussed in this chapter.



Different kinds of ion sources for particle accelerators have been reviewed in this chapter.
Also, the process involved in the production of helium ions, tandem acceleration of helium
ions, the PIXE and RBS interaction processes are also discussed in this chapter. Beam
diagnostic devices such as the faraday cup, beam transformers, wall current monitors and
secondary emission monitors have been discussed. The theory for RBS, where the ion beam

(projectile) interacts with target materials has been reviewed.

Chapter 2 also reviews the analyzing endstation system of the accelerator facility. The
endstation system reviewed are the vacuum system, the detection system, the computer

system and the manipulator system.

Chapter 2 ends by reviewing the various techniques of accelerator ion beam energy
calibration. The techniques reviewed are the nuclear resonance and reaction threshold
techniques, the magnetic method of ion beam energy calibration and the emerging
techniques of ion beam energy calibration with the RBS method found to top the various

methods.

Chapter three elaborates on the irradiation of the sample materials (gold, silicon,
aluminum, copper and glass) and the spectrum collection of the samples using the RC43
data analytical software. The RBS method utilized to facilitate the detector system
calibration (the detector offset (C,) and the detector system constant (f)) and the
accelerator system calibration (the voltmeter (1/,) offset and the voltmeter constant («)) are

sequentially discussed in this chapter.

The results and discussions of the RC43 generated spectra of the target samples, the

detector system calibration and the entire accelerator system calibration are placed in

10



chapter four. The validation of the results of this study based on the International Atomic

Energy Agency (IAEA) IBANDL database are placed in chapter four.

Chapter five concludes the study. This section explains why the RBS method of ion beam
energy calibration is chosen for this study, based on simplicity, efficiency and cost

effectiveness. This section also provides some recommendations for further study.
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CHAPTER 2

LITERATURE REVIEW

2.1 CHAPTER OVERVIEW

This chapter presents a brief overview of the history of development of particle
accelerators. The accelerator system comprising ion sources, helium ion production,
tandem acceleration of ions, ion beam steering and the scattering chamber are reviewed in
this chapter. Also, ion beam diagnostics and the end-station of the accelerator system are
discussed. The theory and principle of RBS are also discussed in this chapter. An extensive
literature review of some notable methods used for beam energy calibrations of
accelerators is carried out here. The chapter ends with a discussion on the emerging

techniques for beam energy calibration of accelerator devices.

2.2 HISTORY OF PARTICLE ACCELERATORS
High-energy physics research has always been the reason behind the improvement of

particle accelerators.

Beginning with Ernest Rutherford’s discovery of a reaction between a nitrogen nucleus
and an alpha particle, all research in nuclear physics until 1932 were conducted with alpha
particles emitted by the decay of natural radioactive elements (Bryant, 1994). Natural alpha
particles have kinetic energies as high as 8 MeV, but Rutherford believed that, in order to
observe the disintegration of heavier nuclei by alpha particles, it would be necessary to
accelerate alpha particle ions artificially to even higher energies. At the time, it seemed

impossible to generate laboratory voltages to accelerate ions to higher energies. Before

12
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then, a calculation by George Gamow proved that considerably less-energetic ions could
be useful in some fields but not useful in the nuclear field which requires higher energies
to accelerate particles (Gurney, 1928). This result enhanced quests to build an accelerator

that could produce a beam of particles needed for nuclear research.

Other advancements of that period brought to light principles still employed in the design
of particle accelerators. John Douglas Cockroft and Ernest Thomas Sinton Walton of the
University of Cambridge, England conducted the earliest successful experiments with
artificially accelerated ions (Walton, 1932). They conducted this experiment by
accelerating protons to energies as high as 710 keV, by using a voltage multiplier. The
result showed that the accelerated ions reacted with the lithium nucleus to produce two

energetic alpha particles (Glass et al., 2014).

At the Princeton University in New Jersey, Robert J. Van de Graaff constructed the first
belt-charged electrostatic high-voltage generator. Both the Cockcroft-Walton-type voltage
multipliers and Van de Graaff generators are still being used as power sources for

accelerators (Van De Graaff, 1931).

Rolf Widerde, demonstrated the principle of the linear resonance accelerator. Widerde used
alternating high voltage to accelerate ions of sodium and potassium to energies twice as

high as those imparted by one application of the peak voltage (Widerde, 1928).

Ernest O. Lawrence and his assistant in research, David H. Sloan, at the University of
California, Berkeley, USA used high-frequency fields to accelerate mercury ions to more
than 1.2 MeV. This work strengthened Widerde’s work result in accelerating heavy ions.

However, these ion beams produced were not useful in nuclear research because the energy

13
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of the ion beams produced were too less to accelerate particles or interact with target

elements.

The cyclotron also called the magnetic resonance accelerator, was envisaged by Lawrence
as a correction to the Wideroe’s linear resonance accelerator. However, M.S. Livingston,
Lawrence’s student demonstrated the principle and thus producing 80keV ions. Later,
Lawrence and Livingston promulgated the acceleration of protons to more than 1 MeV.
The cyclotron energies had reached about 25 MeV and Van de Graaff generators about
4 MeV (Livingston, 1932). Donald W. Kerst, of the University of Illinois built the first
betatron (magnetic-induction accelerator of electrons). He built the betatron in the 1940 by

utilizing the outcome of orbit calculations to the design of magnets.

After the World War |1 there was a rapid progress in the science of accelerating particles
to high energies. This advancement was started by Edwin Mattison McMillan at Berkeley
and Vladimir losifovich Veksler at Moscow. Both scientists separately detailed the
principle of phase stability. This concept explained a means of sustaining stable particle
orbits in the cyclic accelerator. This concept expunged an apparent drawback on the energy
of resonance accelerators for protons and made possible the construction of magnetic
resonance accelerators called synchrotrons for electrons (McMillan, 1945). Phase focusing,
the implementation of the principle of phase stability, was swiftly determined by the
construction of a small synchrocyclotron at the University of California and an electron
synchrotron in England. Subsequently, the first proton linear resonance accelerator was

constructed. All the large proton synchrotrons that have been built depend on this principle.

14


https://www.britannica.com/technology/cyclotron
https://www.britannica.com/biography/M-Stanley-Livingston
https://www.britannica.com/biography/Donald-W-Kerst
https://www.britannica.com/technology/betatron
https://www.britannica.com/event/World-War-II
https://www.britannica.com/biography/Edwin-McMillan
https://www.britannica.com/biography/Vladimir-Iosifovich-Veksler
https://www.britannica.com/science/phase-stability
https://www.britannica.com/science/magnetic-resonance
https://www.britannica.com/science/magnetic-resonance
https://www.britannica.com/technology/synchrotron
https://www.britannica.com/technology/synchrocyclotron
https://www.britannica.com/technology/electron-synchrotron
https://www.britannica.com/technology/electron-synchrotron
https://www.britannica.com/technology/proton-synchrotron

William W. Hansen, at Stanford University in California, constructed the first traveling-
wave linear accelerator of electrons, by making use of the microwave technology that had

been developed for radar during World War 1l (Bryant, 1994).

The advancements in research made possible by increasing the energies of protons led to
the building of successively larger accelerators. This trend was ended because of the high
cost of fabricating the huge magnet rings with the largest weighing approximately
40,000 tons. A means of increasing the energy without increasing the scale of the machines
was provided in a presentation by Livingston, Ernest D. Courant, and H.S. Snyder of the
technique of alternating-gradient focusing (sometimes called strong focusing) (Courant,
1952). Synchrotrons incorporating this principle needed magnets only /10 the size that
would be required otherwise. All recently constructed synchrotrons make use of

alternating-gradient focusing.

Kerst envisioned that, if two sets of particles could be sustained in intersecting orbits, it
should be possible to observe interactions in which one particle collided with another
moving in the opposite direction. Therefore, the application of this idea requires the build-
up of accelerated particles in loops called storage rings (Kerst, 1941). The highest reaction
energies that can be obtained have been produced by the use of this technique. Therefore
the accelerator produced to create beam energies of such higher energies are the Storage

Ring Collider Accelerators (Bryant, 1994).
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2.3 THE ACCELERATOR SYSTEM
This accelerator has four main regions namely, ion production also known as the low-
energy end of the accelerator system, the region for tandem acceleration of ions, the region

for ions focusing and steering and the scattering chamber.

2.3.1 lon sources

An ion source is a device that produces a beam of ions. lon sources are used in a number
of fields and applications such as mass separation, ion implantation, fusion, space
propulsion, atomic physics and in particle accelerators for nuclear and particle physics

(Rahman, 2012).

Every ion source consists of two components namely; the plasma generator and the ion
extraction system. The extraction system consists of two to four electrodes. Appreciable
number of slits are drilled and are properly aligned on the surface of each electrode. The
originating electrode is positioned at the same potential as the plasma in the discharge

chamber whiles the last electrode is placed at the ground potential.
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Figure 2.1 shows a schematic of a two-electrode extraction system

Figure 2. 1. Schematic diagram of a dipole extraction system (the shaded part is the
plasma). (1) Ground electrode, (2) extraction electrode, (3) effective angle, (4) plasma
boundary, and (5) discharge chamber (Rahman, 2012).

To create a multi-extraction electrode system, a second or third electrode are positioned
between the two electrodes. All the electrodes are biased to the required potential, whereas
the ions in the plasma at the boundary of the discharge chamber are accelerated to produce
an ion beam. The extraction produces an ion beam with a better divergence. Under Optimal
conditions, a good extractor produces an ion beam with divergence less than 0.5°.

lon sources are classified into two main kinds namely; solid surface ion sources and gas/
vapor source. Over the years many different types of ion sources have been produced.
These include radio-frequency (RF) sources, radioactive ion sources, duoplasmatron,
electron cyclotron resonance sources, the sputter ion source, and many more (Pollock,

2015).
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2.3.1.1 Duoplasmatron ion source

Based on the positioning of the intermediate electrode, duoplasmatron ion source can
generate a positive or a negative ion. This ion source works on the principle such that a
low-pressure arc is created between a cathode and an anode. The cathode filament emits
electrons into a vacuum chamber containing a gas. The gas then becomes ionized through
interactions with the free electrons from the cathode and subsequently creates a plasma. A
dense plasma is then produced in the region of the extraction aperture through a mechanical
and magnetic constriction processes. By applying a highly negative or positive potential to
the extractor causes the plasma to penetrate through the anode aperture. This process
therefore emits positive (proton) ion beam or negative ion beam. Figure 2.2 is a typical

diagram of a duoplasmatron ion source.
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Figure 2. 2: Diagram of the Duoplasmatron ion source (Rahman, 2012)
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2.3.1.2 RF lon Source

With this kind of ion source, plasma of ions is created by the joining of a 100 MHz radio-
frequency power to a gas with a pressure of 10 to 107 torr. The gas is stored in a container
made of glass, quartz or ceramic. Also, the RF is joined to the discharge either through a
coil or through two electrodes placed outside the envelope. Relative to the outlet, the
plasma is biased whiles the ions extracted via a narrow conduit. Figure 2.3 shows a

schematic diagram of an RF ion source.
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Figure 2. 3: Schematic diagram of an RF ion source (Pollock, 2015)

For the accelerator facility at GAEC, the RF ion source is used for ion beam analysis. The
facility together with its associated components were produced by the National
Electrostatic Corporation (NEC). The NEC RF-charge exchange ion source, also known to
be the Alphatross source, is designed purposely for the production of He™ beams for
injection into tandem accelerators. However, this ion source can also produce many other

ion beams (Pollock, 2015).
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2.3.1.3 He" ion production

To produce plasma, the gas inlet is fed with Hez. The quartz bottle produces He™ and other
ions after a 100 MHz Radio Frequency (RF) energy is pushed into it. The ions produced
are then accelerated into the charge exchanger by applying a potential difference of 6 kV.
The helium (He*) charges produced then passes through a Rubidium (Rb) vapor. Through
series of collisions, the helium ion (He™) picks up an extra negative charge unto itself. He"
charges and other ions are produced through this process. The beam of negative ions
produced is then directed to a crossed field (magnetic and electric) analyzer, which selects
ions with a well-specified charge (q)/ mass (m) ratio. This crossed-field analyzer has a
faraday cup which is meant to count the number of charges produced. The faraday cup also
determines the current and intensity of the beam (www.pelletron.com). The He™ charges
produced continue on into the accelerator. Figure 2.4 illustrates the processes for ion

production and acceleration.
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Figure 2. 4: Diagrammatic representation of ion production and acceleration of charge
particles in accelerator system (www.pelletron.com)

20



2.3.2 The tandem or double-staged acceleration of Helium ions.
The He ions produced are accelerated toward the middle of the accelerator tank by a
1.7 MV potential difference. With respect to the charge exchanger, the middle of the tank

IS positive potential for the Pelletron accelerator.

The 1.7 MV potential difference is built by the Pelletron Charging system. Metal pellets
and insulating connectors are the constituents of the charging unit. In this system, a chain
consisting of metal connectors (links) with nylon separators enhances ways of establishing

the accelerating potential as shown in figure 2.5.
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Figure 2. 5: The charging system of a pelletron accelerator (Source: Pelletron Accelerator
Charging System; http://www.pelletron.com/charging.htm)

Electrons are pushed off the links to the grounded drive pulley by means of a 50 kV power
supply. The power supply charges an inductor within the system. Afterwards, the links are
charged positively. The positively charged links then travel to the terminal shell. Also, by

obeying Gauss law, electrons from the terminal shell move to the connectors. Through this,
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a net positive charge is left on the terminal shell. The terminal shell is positioned near the

middle of the accelerator tank (Kelly, 2000).

Before the He™ ions enter the terminal of the accelerator system, they pass through nitrogen
gas, which strips them of their electrons producing positive ions, He*. Since the ions are
now positive and are at a positive potential, the charge is accelerated away from the
terminal back down 1.7 MV. This acceleration is directed towards the left edge of the

terminal. This process produces tandem acceleration of helium ions (www.pelletron.com).

The final energy, E of the emerging positive ions with charge state q is given by equation

2.1
E=V,+(qg+1V; [InMeV] (Kelly, 2000) (2.1)

(V, = 30 keV) is the energy of the injected negative ions and Vr being the terminal

voltage.

2.3.3 Steering of the Helium ions

The helium ions produced travel away from the accelerator tube through a magnetic
quadrupole lens. The lens now focuses the beam produced to a very minute diameter; that
is 1cm or less in diameter. The helium ions then enter the beam energy analyzing magnet
which then directs them into the various beam lines for use in experimentation

(Kelly, 2000).
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The beam energy-analyzing magnet of an accelerator system works on the principle of
bending path of charged helium ions through the field of the magnetic. The kinetic energy

of a moving charged ion or particle is given as:

mv?

Ep="2  (Kelly, 2000) (2.2)

The variables, represents the mass of the ions and v indicates the velocity of the ion.

As the charged ions traverses through the field of the magnet, it encounters a magnetic

force (Fp). The direction of travel of the charged ions changes.
F, = quB (2.3)

This change in direction of the charged ion generates a centripetal force (Fc),

Fe = (2.4)

By equating the magnetic and the centripetal forces, the expression below is obtained:

N

quB = m: (2.5)
Solving equation (2.2) and (2.5), the energy of the ion or particle is determined as:
Ep =2 (2.6)

2m

Epis the energy of ion or the particle, g is the charge on the ion, m is the mass of the particle,
B is the magnetic field strength, and r is the radius by which the trajectory of the ion is

bent.
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2.3.4 The scattering chambers

This is the experimental confinement vessel or vacuum chamber in which the Rutherford
Backscattering Spectrometry (RBS) and Proton Induced X-ray Emission (PIXE)
experiments are carried out. As the helium ions move into the beam line which is also fixed
to the target chamber. The particles with proper orbit or trajectory moves into center of the
beam line. The ions with good trajectory are resolved by their kinetic energies, charge-to-
mass ratio, and the magnetic field. The alpha particles pass through a vertical slit consisting

of two horizontal insulated jaws before entering the target chamber (www.pelletron.com).

Respectively, ions with higher or less energy goes to the inner or outer edges of the beam
line. Through this event, the ions encounter the slit jaws. The slit jaws have the function of
controlling the beam energy spread with respect to the slit opening. The ions move to the

reaction chamber where they interact with target samples under analysis (Kelly, 2000).

2.4 BEAM DIAGNOSTICS

Beam diagnostics refers to the devices meant for acquiring information on the state of the
beam and on the advancement and outcome of experiments performed on the beam. Beam
diagnostics is an important component of every accelerator (Koziol, 1992). Beam
diagnostic helps one to know properties of ion beams and their behavior in the accelerator
system. Beam diagnostics monitors analytic beam parameters like emittance, current, size
and energy. Some of the diagnostic equipment essential for monitoring and analyzing beam
experiments are beam transformers, wall current monitors, faraday cup, secondary

emission monitors, beam loss monitors, etc.
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There are different significant physical effects that can be used for beam diagnostics. Most

of the devices are based on the following physical interactions:

Electro-magnetic influence:

The moving charged particles induce electro-magnetic fields around themselves.
With appropriate electrodes placed in the close proximity of the beam, these fields
are detected and the data relevant to the accelerated particle beam are extracted.
Examples are capacitive pick-ups and beam transformers (Goldberg and
Lambertson, 1992).

Coulombic interaction of charged particles and the target material:

The energy loss of the charged ions in the Coulomb-field of the atoms in the target
material results in producing various secondary products such as secondary
electrons, positive ions, flourescent light and Brehmstrahlung photons. They can be
detected by appropriate devices and can provide data from the interacting particle
beam. Examples are beam viewers, secondary emission grids and residual gas

monitors (Camas et al, 1993).

Emission of photons by accelerated particles:

This kind of diagnostics can only be applied for relativistic particles, i.e. mainly for
electron beams or very high-energy proton beams. The emitted photons are in the
visible range to the X-ray region of the electromagnetic spectrum. Optical methods

can be used; examples are synchrotron radiation monitors (Camas et al, 1993).

Nuclear- or elementary particle physics interaction:
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The beam quantity is determined from the known cross-section and the measured

reaction products. Mainly particle detectors are used. Examples are polarimeters or

luminosity measurements (Goldberg, 1992).

From Table 2.1, various diagnostic equipment and their parameters are presented.

Table 2. 1: Beam parameters and typical diagnostic equipment

Measured beam parameter

Diagnostic equipment

Intensity (beam current):

Transverse parameters:

Beam spot (cross-section)

Beam profile

Beam position monitor

Transverse emittance

Longitudinal parameters:
Bunch length, beam phase

Beam energy

Faraday-cup
RF-transformer
Scintillators
lonization chamber

Secondary electron monitor

Beam viewers
Secondary-emission grid

Wire scanner

Residual gas monitor

Residual gas fluorescence monitor
Synchrotron light monitor
Capacitive pick-up

Slit and grid

Pepper-pot

Calculation from beam envelopes

Capacitive probe
Wall-current monitor
Time-of-flight method

Magnetic analyzer
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The selection of a specific device is based on additional factors, which are determined by
the type of the accelerator, the characteristics of the particle beam to be measured, the
requirements and cost-efficiency of the measurement. Basically, the beam measuring
parameters are grouped under three broad parameters. These are intensity parameters,

transverse parameters and longitudinal parameters (Koziol, 1992).

2.4.1 Intensity measurement

This is the most basic diagnostic measurement for all accelerators. The number of
accelerated particles has to be known not only for the experiments using the beam, but it is
a fundamental data for the operation of the machine as well (Goldberg, 1992). The
accelerator and beam transport line settings cannot be optimized without being able to
measure the end product of the system, i.e. the quantity of the successfully accelerated and
transported particles. Since the accelerated particle beams consist of moving electric
charges (ge), the determination of their quantity (N) means measuring the current (1)

expressed as:

_ GeN _ geN

beam T t I

I 2.7)

The Faraday-cup being one of the intensity measuring devices is discussed:
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2.4.1.1 Faraday cup

Capturing beams with the ordinary collector plate experiences perturbation through
secondary electron emission. The diagnostic equipment that prevents this from happening
is the use of the faraday cup. Historically, the faraday cup is the first intensity-measuring
device produced.

The working principle for the faraday cup is very simple. The beam particles are captured
by a piece of isolated conducting material and the excess charge flows from this electrode

to the ground through an amperemeter. Figure 2.6 represents a simple Faraday cup.

range |
- -

beam + ,

Figure 2. 6: Schematic of a simple Faraday cup.

It is obvious that this method can only be used when the beam particles are captured
completely by the electrode. It requires the electrode thickness being greater than the
stopping range of the particles in the used electrode material. Since the stopping range
increases with beam energy, this type of current measurement is well suited for rather low-

energy accelerators.
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2.4.1.2 Radio Frequency (RF) Transformer

Signal current goes through the primary winding of the RF transformer. This signal
generates a magnetic field that induces a voltage across the secondary winding. Connecting
a load to the secondary causes an AC current to flow in the load. RF transformers are
widely used in diagnostic equipment for impedance matching to achieve maximum power

transfer and to suppress undesired signal reflection, voltage-current step-up or step-down.

2.4.1.3 Scintillators

A scintillator used as a diagnostic consists of a scintillating material, often joined to a light
guide, and a photo detector. The scintillating material converts y- and particle-radiation
into light (visible, UV, sometimes X-rays). Mostly, a wavelength shifter is mixed to the
primary scintillator. The light guide directs the light to the photo detector. Again a
wavelength shifter is often used to match the wave length to the response characteristics of
the photo cathode and hence improves the signal. The photo detector converts the light into

an electric signal.

2.4.1.4 lonization chamber

lonization chamber is a gas-filled, thin-walled chamber with a collector electrode inside.
Particles traversing through it will ionize the gas, the ions will travel towards the cathode,
the electrons towards the anode and a current can be measured. It is expected that the
voltage should be in the "plateau™ region where all charges are collected but no avalanche

occurs.

29



2.4.2 Transverse parameters

In most cases we need more information about the accelerated beam than just its quantity.
Precise knowledge of the transverse size and position of the beam in the accelerator and
the beam transport lines plays a crucial role in optimizing the machine set-up, minimizing
beam losses and delivering beams to the experimental apparatus with parameters that are
requested by the users (Koziol, 1992). Beam viewers are one of the equipment used to

measure the transverse parameters of particle beams.

2.4.2.1 Beam viewers

The simplest way of observing the beam produced is by recording the light emitted from a
scintillation screen by the beam. Historically, beam viewers were the first devices that
delivered spatial information about the particle beams. Although there is a great number of
advanced and more sophisticated beam monitors nowadays, scintillator screens are still in
use because of their simplicity, cost effectiveness and power of conviction. Figure 2.7
shows the experimental arrangement for measuring the position of beams and the size of

the beam using a scintillator

light @ H window

TV camera

Figure 2. 7: Typical arrangement for observation of beam position and size with a
scintillator screen and a TV camera (Goldberg, 1992)
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Atan angle of 45°, the scintillator screen is placed into the way of the beam. The scintillator
bears a graticule which is illuminated through a narrow window in the tank. A TV camera
is placed at 90° to the beam direction to observe the 2-dimensional image of the beam

cross-section.

2.4.2.2 Secondary- emission grid (SEM)

SEM is a form of an array of thin ribbons used to measure transverse density distribution.
Sequential display of the signals from the ribbons gives the beam profile. To enhance the
signal strength, either the individual ribbons or the whole array are inclined with respect to
the beam direction, thus presenting a greater effective surface. When signal strength is not
a problem, the array and the clearing electrodes may be made of thin wires. This makes it

a nearly non-destructive profile monitor

2.4.2.3 Wire scanner

Wire scanner as a diagnostic equipment is an electro-mechanical equipment that measures
the transverse beam density profile in a particle accelerator by means of a moving thin
wire. As the wire passes through the beam, the interaction generates a cascade of secondary
particles. These are intercepted by a scintillator, coupled with a photomultiplier, which
measures the intensity of the light produced. Also, if a conducting wire material is used,
the secondary emission electrons created can also be used to measure the beam profile

through the current flow generated on the wire.
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2.4.2.4 Residual gas monitor

A residual gas monitor is a small diagnostic device designed for process control and
contamination monitoring in vacuum systems. Residual gas monitors are also used as
sensitive in-situ leak detectors. They mostly use helium, isopropyl alcohol or other tracer
molecules. The vacuum systems are pumped down to lower than 10~> Torr, thereby

checking the integrity of the vacuum seals and the quality of the vacuum

2.4.2.5 Capacitive pick-up

Capacitive pick-up is a diagnostic device that converts angular displacement into electrical
signal. It consists of ganged capacitance and is based on the principle of variation of
effective area of conductors, when other parameters such as separation, distance and

dielectric strength being kept constant.

2.4.3 Longitudinal parameters

Besides the two transverse phase spaces there is a third one defined in longitudinal
direction. Its coordinates are the momentum spread and the phase deviation. Both
coordinates have to be measured with respect of a fictitious reference particle (Koziol,
1992). Due to the proportionality between momentum and energy, using the relative energy
spread instead of absolute momentum spread has proven to be very practical. To detect the
exact time structure of a particle, beam special diagnostic devices such as the magnetic

analyzer is required.
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2.4.3.1 Beam energy measurement with a magnetic analyzer

When moving in a magnetic field, charged particles experience the Lorentz-force, given

by the formula:

F=qevxB (2.8)

F = Lorentz force, q = charge of the particle,
ev = energy of the particles with velocity V
B = the magnetic field strength

This magnetic force, being always perpendicular to the velocity of the particles, moves the
particles on circular paths. Beside the particle charge and the magnetic field strength, the

radius of the circular orbit depends on the particle momentum as well:

p
r=—— 2.9
QEB ( )
r = radius of orbit, p = momentum of the particle,
q = charge of the particle, e = electronic charge and

B = the magnetic field strength

As a consequence, particles with different momentum values move on orbits with different
radii in any magnetic field. This dispersive characteristic of the magnetic field can be used
to separate particles of different energies and with proper geometry and magnetic field
formation one can measure the kinetic energy of the particle beam with high precision

(Camas et al, 1993).
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Though any bending magnet, which is used to deflect the beam to a required direction, has
the dispersion effect, the precision of such a device is usually not enough for beam energy
measurements (Koziol, 1992). Special consideration has to be given to the geometry of the
system and the applied magnetic field. The geometry has to provide that the beam is
deflected by the magnetic field on an exactly defined bending radius. The formation of the
magnetic field has to result in precisely known field values all along the bending paths,
mostly achieved by forming a highly homogenous magnetic field in the entire region. If
only both conditions, which is exact knowledge of the orbit radius and magnetic field
strength are fulfilled, it is possible to determine the momentum and energy of the beam
with high precision. Such a system is usually called a magnetic analyzer. It is built around
a special bending magnet with a rather big deflection angle. A scheme of a magnetic

analyzer is shown in figure 2.8 above.

Figure 2. 8: Scheme of a magnetic analyzer (Goldberg, 1992)

In a typical arrangement the two slits, the magnet and the field-free regions between them
form an optical system in the deflection plane, where the exit slit is the optical image of
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the entrance one. Any particle entering the system through the entrance slit will leave it
through the exit slit if its energy value is in accordance with the applied magnetic field
(Goldberg, 1992). Detecting the beam behind the exit slit by a current measuring device
such as the Faraday-cup, one can calculate the energy value from the known bending radius

and the applied magnetic inductance value.

2.5 THEORY OF RUTHERFORD BACKSCATTERING SPECTROMETRY (RBS)
This technique is also called the High-Energy lon Scattering (HEIS) Spectrometry. RBS
helps in the determination of the structure and composition of materials by measuring the
backscattering of a beam of high energy ions (typically protons or alpha particles)

impinging on a sample.

Rutherford backscattering is an elastic collision between a high kinetic energy particle from
the incident beam (the projectile) and a stationary particle located in the sample (the target).
It is elastic because no energy is transferred between the incident particle and the stationary
particle during the collision, and the state of the stationary particle is unchanged (Oura;
Lifshits; Saranin and Zotov, 2003). Figure 2.9 below illustrates the process of RBS;

incident helium particles backscattered after incidence.
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Figure 2. 9: Diagrammatic representation of the RBS principle

The procedure of RBS, involves that ions of detected mass, M;and atomic number, Z;are
incident on the target nucleus of mass M, and atomic number, Z,. The backscattered ions
are detected. Due to conservation of momentum and energy, the energy E; of the scattered
ions are determined for a defined scattering angle, 8. The measured energy of back
scattered electrons (energy spectrum) describes the elemental composition of target
specimen under investigation (Chu.,Mayer and Nicolet, 1978). Considering the kinematics
of the collision (the conservation of momentum and kinetic energy), the energy E1 of the

scattered projectile is reduced from the initial energy Eo:

The constant, k is the called the kinematic factor which is a characteristic of the target

nucleus.
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Mi+M,

2
k= B _ l /M%—M%Sin29+ M1COS 6 (2.11)
=% = .

Particle 1 is the projectile (incident ions), particle 2 is the target nucleus,é is the scattering
angle of the projectile, M; is the mass of the projectile, M, is the mass of the target nucleus
(Chu.,Mayer and Nicolet, 1978). The RBS instrumentation involves three main

components:

« Anion source, either alpha particles (He?" ions) or protons
e A linear particle accelerator capable of accelerating incident ions to high energies.

o A detector capable of measuring the energies of ions over some range of angles.

Detectors used to measure backscattered energy are usually silicon surface barrier detectors

(Oura; Lifshits; Saranin and Zotov, 2003).

2.6 THE NATIONAL ELECTROSTATIC CORPORATION (NEC) ANALYTICAL
ENDSTATION SYSTEM OF THE ACCELERATOR FACILITY AT GAEC.

The NEC analytical endstation is sectioned into four subsystems. These are the vacuum
system, detection system, computer system and the manipulator system

(www.pelletron.com).

2.6.1 The vacuum system
The vacuum system consists of three gate valves, two rough valves, vent valve, turbo

pump, rough pump, turbo pump controller, three thermocouples, ion gauge, convectron
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gauge monitor, ion and thermocouple gauge monitor, vacuum interlock controller, and all
evacuated space. The vacuum interlock controller directs the position of all valves. On the
front panel of the interlock controller there are switches on the front panel of the interlock
controller having an auto and closed position for each valve (Pollock, 2015). The controller
protects the chamber and pumps by closing valves in during power failure or failure in the
vacuum. The controller also prevents the backstreaming of oil from the rough pump into

the chamber.

2.6.2 The detection system

The detection system begins with a silicon ion implanted particle detector and other
detectors like sodium iodide or HpGe gamma-ray detector, and or Wavelength Dispersive
X-Ray detector. Also, high depth resolution magnetic spectrometer detectors have been
incorporated with a file extension. The Silicon Surface Barrier (SSB) detector is mounted
below the collimator. This gives a scattering angle of 170°. A second SSB detector can be
positioned at any angle from outside the vacuum system (Pollock, 2015). Figure 2.10

illustrates the arrangement the various detectors and components in the target chamber.
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1. Sample

. Fixed SSB at 170°

. Moveable SSB and Filters at 180° to 30°
4. X-Ray Detector

5. Gamma Detector at 0°

6. X-Ray Detector Filters

7. Zoom Camera

8. Microprobe Lens

9. Light

10. Chamber Feedthroughs

[

(V8]

Figure 2. 10: Representation of the various components in the target chamber
(www.pelletron.com)

Each detector has a preamplifier which feeds the signals into a spectroscopy
amplifier/digitizer. The signal moves from the preamplifier to the multichannel
analyzer/analogue to digital converter. Figure 2.11 represents a schematic arrangement of

the detector system.

Preamplifier

MCA

1N

Figure 2. 11: Schematic representation of the detector system

Detector
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2.6.2.1 The surface barrier detector

As a semiconductor solid-state detector, the surface barrier detector is essentially a p-n
junction made out of a silicon (Si) wafer. When an ion travels through the p-n junction,
electrons are removed from the Si, and thus slows down. This action continues repeatedly
until the charged ion exhausts its kinetic energy and ceases in the Si. The thickness of the
Si is required to be enough to stop the ions or particles (Knoll, 2000). The p-n junction is
biased such that the produced electrons are collected and subsequently generates a signal

indicating the passage of a charged ion.

2.6.3 Manipulator

After all the braces are removed and all electrical motor cables are connected, the limit are
switches inspected and adjusted. This is done by moving the motor by hand until it becomes
difficult to move. It is moved in the opposite direction about one full turn and the limit

switch is adjusted (Pollock, 2015). This is done for all the axes with limit switches.

The RC43.EXE Program is run to set communications between the computer and the

controller.

2.6.4 The Computer System

The user can use three software programs to do some of the endstation control, data
collection and data analysis of the NEC RC43 analytical system. The three programs have
icons displayed on the desktop when the computer is turned on under the Windows OS.
These programs are MAESTRO or DppMCA, RC43.EXE and RUMP.EXE or

GUPIX.EXE (Pollock, 2015).
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2.6.4.1 MAESTRO

This program has the only function of collecting spectra. It has a data collection MCA
which gives the user total control of the card’s, or digitizer ADC parameters
(www.pelletron.com). With this program, growing spectrum is observed. The spectrum is

stored to a disk or in different formats and when collection is done.

2.6.4.2 RC43.EXE

This program is a qualitative data collection software used for qualitative analysis and
automation of data collection for the RC43 endstation. It does sample manipulation,
controls the data collection MCAs, and interfaces with the current integrator, and does
qualitative analysis. It also performs automatic data collection for doing channeling, NRA,
ERD, PIXE, RBS, and Micro Probe work (Pollock, 2015). This software is also used as an
upgrade package for other endstation types. It has several live data displays and writes data

to an ASCII file for disk storage.

2.6.4.3 RUMP.EXE

The RUMP.EXE is a data analysis software. There are three subcommand processors in
the RUMP program. These are ANNOTE, SIM and PERT. ANNOTE is for labeling plots
of spectra. SIM is used to simulate an imaginary sample which is divided into layers. Each
layer has a thickness and is composed of at least 1 element. PERT compares a simulated
spectrum, made up by the operator, to an actual spectrum collected by the detection system

(Pollock, 2015).
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2.7 ACCELERATOR ION BEAM ENERGY CALIBRATION

Particle accelerators are often used for both ion implantation and the ion beam analysis,
therefore the accurate and precise knowledge of the energies of the accelerated ions is
essential. From the analytical point of view, the energy of the accelerated ion needs to be

known with a higher precision by calibrating the accelerator (Bachiller-Perea et al., 2013).

There are about three major families of methods used to energy calibrate particle
accelerators (Healy, 2006). Some methods are based on accurate detector technologies such
as velocity detectors, time-of-flight which requires a complex instrumentation and
magnetic analysis (Martin et al, 1985). Another common technique for calibrating the beam
energy of particle accelerators are based on reaction thresholds of well characterized
gamma resonances or neutron thresholds (Tesmer and Nastasi, 1995).

The non-resonance proton capture technique of particle accelerator beam energy
calibration has been reported to directly reveal the beam energy, but this method remains
unsuitable for routine use because the cross-sections are so low to give accurate and precise
beam energies (Colaux et al, 2015).

An emerging technique utilizes backscattering particles and kinematic scattering factors of
different materials (Lane et al, 1993). This method is found to be efficient, simple and cost
effective.

Since the inception of particle accelerators, operators of particle accelerators have routinely
calibrated their facilities either by one or more of these methods depending on a techniques
precision, cost effectiveness and beam time duration. Different facilities employed any of

these methods by weighing the advantages and the disadvantages of methods that exist.
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Next in this literature are the detail reports on selected techniques of beam energy

calibrations of some particle accelerators.

2.7.1 Calibration of ion Beam Energies by Nuclear Resonance and Reaction
Thresholds

According to Kureba, nuclear scattering experiments require the energy of the incident
beam to be known as accurately as possible and at least to within about 20 keV in order to
determine possible resonance energies (Kureba, 2010). The beam energies of most ion
accelerators are usually calibrated by using (p,y) and («,y) resonant nuclear reactions.

So many resonant reactions are used during a calibration. These resonant reactions have
been tabulated by Marion (Marion, 1966). The region of resonances are found by gradually
raising the accelerator voltage and thereby the ion energy (Lane et al, 1993). The observed
and true energies of the resonances are then compared to give a calibration curve of ion
energy as a function of either the indicated accelerator voltage or the analyzing magnet
field (Uhrmacher, Pampus, Bergmeister & Purschke, 1985).

It has also been reported that, the widely established calibration technique remains the use
of sharp and well defined nuclear resonances (Brindhaban, Barker, Keeling, & Wood,
1994). Therefore, the most widely used resonant threshold reactions for calibrating the

beam energies of particle accelerators are shown in Table 2.2 (Tesmer and Nastasi, 1995).
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Table 2. 2: Data on resonant and threshold reactions for accelerator calibration

Incident ion Reaction Key emitted Cross

Energy(keV) radiation (MeV y) section
340.46+ 0.04 ¥F(p,ay)t®0 6.13 160 mb
872 .1+0.2 ¥F(p,ay)t®0 6.13,6.92 540 mb
991.91+0.05 2TAl(p, y)BSi 1.78 3levb
1373.0+1.0 ¥F(p,ay)t®0 6.13 300 mb
1747.6+ 0.9 BC(P, y)N 9.17 340 mb
2437.4+1.0 2Mg(a, y)®Si  12.07 Unknown

2868+2.0 2Mg(a, y)®BSi  12.44 Unknown

It has also been reported in a related work that, narrow resonant widths only afford accurate
calibration provided the beam energy is stable and the sample surface is not contaminated
(Healy, 2006). Most research works aimed in calibrating particle accelerator systems used
the shapes of proton backscattering spectra from silicon, which are characteristic of the
beam energy, as a key for calibrating those accelerator systems (Gurbich 1998).

The y-ray decay from the Ep = 992 keV resonance in the 2’Al (p,y) %Si reaction has been
studied in the past by numerous groups. The intensity and energies of y-rays produced via
the Ep=992 keV proton capture resonance in the 2’Al (p,y) ?8Si resonance were found to be
useful for calibration of small ion accelerators. For, (p,y) reaction studies one often obtains
gamma rays in the energy region 0.5-10.0 MeV, due to the high Q-value for these reactions
(Scott & Lusby,1975).

Kelly reported that, the best method to get an accurate calibration of accelerator beam
energies in the MeV-range is to employ the beam to produce nuclear reactions that occur

at known and accurate measured energies. The appropriate resonance reaction as reported
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28
Si nucleus is excited by the incident energetic protons

8Si*, where the
to emit gamma radiation. The defined resonance occurs at an incident proton energy of
991.88 keV. (Kelly, 2000).

Also, the Surrey lon Beam Centre has recently made routine use of this elastic 1*0O(a, «)*%0
reaction resonance at 3038 keV to calibrate their beam energy and chain of detection. It
was experimentally demonstrated that, the beam energy can be determined at remarkably
good precision with this method. The accuracy of this method was mainly limited by the
accuracy at which the energy of the resonance was known. It was determined from the

beam energy calibration that, the energy of this resonance was 3038.2 + 3.1

(Colaux et al., 2015).

2.7.2 lon Beam Energy Calibration of Particle Accelerators by Magnetic Analysis
The magnetic method of ion beam energy calibration implies noting the analyzing magnet
field strengths needed to transmit a number of beams of different isotopes simultaneously
produced within the accelerator. A constant of proportionality between the analyzing
magnet field and the square root of the ion energy is then calculated. Calibration by this
technique can be achieved within 24 hours beam time, although the resulting calibration
constant can be nonlinear on some accelerator systems if a wide energy range is examined
(Shamu, Bernstein & Parrot, 1973).

It is worth noting that, few accelerators are equipped with absolute systems for measuring
the beam energy. Therefore, nuclear reaction experiments are performed with energy
analyzers that require calibration. A calibrated momentum-analyzing magnet system

determines the absolute energy of an ion beam from an accelerator. Detailed field or beam
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measurements must be carried out in order to achieve the needed magnet calibration.
(Olsen et al., 1987).

A common procedure for calibrating the analyzing magnet of a tandem Van de Graaff
accelerator requires that measurement of neutron threshold energies is done. Threshold
energies have been determined from absolute measurements of the incident particle energy
for a number of reactions and have been tabulated for calibration purposes (Marion, 1966).
It is noted that, a more convenient way for measuring neutron threshold energies is to
observe the emitted neutrons at 0 ° using a simple neutron detector such as a long counter.
This procedure can be done with (p,n) reactions, for example, up to 6 MeV.

Another basic way for determining beam energies at many accelerator facilities is to
measure the magnetic field required to bend the beam through a magnetic analysis system.
Calibration of such a system has always been completed by performing detailed magnetic
field measurements using a Hall probe, a flip coil or a nuclear magnetic resonance (NMR)
probe. These measurements then allow the calculation of particle trajectories through the
system. The floating wire technique has allowed simulation of particle trajectories directly
and has been developed to accuracies comparable to that attainable by magnetic field
mapping (Bischscl, 1965). By this procedure, measurements are made over the full range
of magnet excitation because of possible saturation effects (Gross, 1976).

The FN-tandem accelerator in Bucharest was commissioned in March 1973 but its
operation was stopped for long time period, due to the strong earthquakes in Romania in
1977 and 1986. In 2006 a program of modernization and development of the accelerator
was started. Because of this, it became necessary that, an NMR fluxmeter for measuring

the magnetic field in the analyzing magnet gap was installed. In the light of this
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development, calibration of the energy analyzing system (analyzing magnet) of the
Bucharest tandem accelerator was needed. Subsequently, an energy calibration of the
analyzing magnet of the Bucharest tandem was completed by comparing the energies of
alpha particles from a 2**Am source with the energies of “He projectiles back-scattered by
thin carbon and gold layers. This result was found to be in agreement with the results of
previous calibrations done on this facility. The measurements were performed with a
standard backscattering, using *H** ion beams from the 9 MV tandem Van de Graaff

accelerator (Roxana et al., 2012).

2.7.3 Emerging Techniques for Calibrating the Beam Energies of Particle
Accelerators

There have been a lot of emerging methods used to calibrate energies of beams produced
by particle accelerators. Emerging techniques, mostly based on the principles of RBS are
convenient, efficient, and are very fast.

A technique based on the measurement of elastic and inelastic proton scattering (Scott &
Paine, 1983); obtaining the calibration constant with a moderate accuracy has been
produced. This was achieved by bombarding a thin target of !B with protons at two
different accelerator energies. The result contained in the elastic and inelastic measured
spectra proved enough to determining the spectrometer channel width and energy
calibration constant as well as the beam energy (Bachiller-Perea et al., 2013).

Another alternative but simple method of calibrating the beam energies of an accelerator
has been established. Accelerated ions from a 2.5 MV Van de Graaff generator were

elastically scattered (by the principles of RBS) from a number of known targets, and their
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measured energies were compared to that for the known energy of a particles from a thin
layer 2**Am source.

This calibration procedure provided an accurate calibration for the generating voltmeter of
the accelerator. Finally, the true energy E, in electron volts, of an accelerated beam of this
accelerator system was achieved and as represented by the model equation:

E = —0.013n + 1.014nVm (MeV) (2.12)
Vm = the accelerator voltage as measured by the generating voltmeter.

The calibration procedure has been tested against and found to be in good agreement with

published °F(p,ay)*®0 nuclear reaction resonance data. (Lane et al, 1993).
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CHAPTER 3
MATERIALS AND METHODOLOGY

3.1 MATERIALS

Figure 3.1 shows the 1.7 MV NEC 5SHD-2 model Pelletron Accelerator facility at GAEC.

Figure 3. 1: Setup of the 1.7 MV Pelletron accelerator at the Ghana Atomic Energy
Commission

In order to successfully perform the ion beam energy calibration for the 1.7 MV tandem

accelerator, the following materials were used:

i.  Thin target standard reference materials with thickness of about 10 pg/cm? of
copper, gold, silicon and Aluminum as shown in figure 3.2. The gold target is

mounted on glass substrate.
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Copper target Gold target

Silicon target Aluminum target

Figure 3. 2: Standard reference target materials of Copper, Gold, Silicon and Aluminum

ii. 2*LAm 5.486 MeV Alpha ( « )-radiation source of 666 Bq as activity at the time of

counting as shown in figure 3.3.

Figure 3. 3: 2414, 5.486 MeV Alpha o radiation source
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3.2 IRRADIATION AND SPECTRUM COLLECTION OF SAMPLES
Irradiation of all target materials used in this study was done using the accelerator facility

at the ARC center.

Spectra were acquired from the irradiated samples using the RC43 Analytical Data

collection software.

3.3 THEORY OF METHODOLOGY
This is a simple method of calibrating the Helium beam energy of this pelletron/ tandem
accelerator system. The theory has to do with initial calibrations of the detector and the

accelerator; making up the accelerator system calibration.

This means of calibration is achieved by complying with the theories below. The actual

energy E (eV), of an accelerated ion is given as:

E = nVpy + naVy, (3.1)

Where V= systematic offset that might be in voltage scale, n= the charge ion state of the
particle, a=constant of the voltmeter and Vm= accelerator voltage measured by the

generating voltmeter. Voand a are the calibration constants to be determined.

The detection system calibration is done in relation to the Multi-Channel Analyzer (MCA)
channel number C. By this way, ions of particular energy E are detected after they have
been scattered from the surface of a material target. This procedure is characterized by a

Rutherford backscattering kinematic factor, k. Therefore, C is given as:

C=Co+ BKE (3.2)
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Where, Co =any possible systematic offset that might be in the MCA, k = Rutherford
backscattering kinematic factor, E in equation 2.13 is the energy of the detected ions, g =
constant of the detection system which is mostly an inherent property of the detector system

and KE = the actual energy of the scattered ions.
Adding egn. (3.1) and eqn. (3.2),

The total energy calibration of the accelerator is done by employing equation (3.1).
However, the detection of a particle of known energy completes the energy calibration
procedure. A typical example is the use of alpha particles from 2**Am of energy Eam. In

this case, eqn. (3.2) is transformed to offer the channel for detection as Cam.

Cam = Co + BEam (3-4)

3.4 THE CALIBRATION PROCEDURE
Helium beam of charge state, n = 2 is used for this calibration. The Amptek silicon surface
barrier detector is placed at a scattering angle of 165° to help detect the ions that are

backscattered from the interaction with the target materials (samples).

Calibration of both the ion acceleration and target detector-systems were carried out

separately and later combined to achieve the overall ion beam energy calibration.

Figure 3.4 is the flow chart of the energy calibration methodology utilized for this work

(Lane et al, 1993).
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Detector Detector Voltmeter Voltmeter

Offset.) System ' OffSEt (ve) Constant ()
Constant (B)

Detector | | | Accelerator
System Calibration Calibration
Beam Energy
Calibration

Figure 3. 4: Flow chart of the methodology

3.4.1 Calibration of the detector system
The calibration of the detector was accomplished by experimentally determining the

detector offset (Co) and the detection system constant ().

3.4.1.1 Detector Offset (Co) determination

The four targets materials, aluminum, copper, gold and silicon were irradiated with helium
beam under constant accelerating voltage of 0.6688 MV. An RBS spectrum was collected
for each of the targets at a collection charge of 20 uC. These spectra were fitted with the
Simulation of Non-Rutherford Backscattering Nuclear Reaction Analysis (SIMNRA)
quantitative software and the kinematic factor for each target reaction determined. During
the fitting process, each target element is energy calibrated to place the channel of detection
of each target element to its corresponding energy. This is done by gradually adjusting the
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energy per channel and particles solid angle parameters in the SIMNRA software. The
channel of detection, C for backscattered « particles for each target element were recorded.

The kinematic factor of each of the target material was determined by using the relation:

oo B (3.1)

_EO

Where Eq = initial or incident energy of the a particles and E1= backscattered energy of the
scattered « particles. A graph of channel of detection (C) of the individual target elements
is plotted against their respective kinematic, k, factors. A straight line is fitted and the

intercept, Co which reveals the systematic offset in the detector.

3.4.1.2 Detector system constant () determination

The detector system calibration is completed by observing the channel for detecting alpha

particle from the 2*!Am radioactive source.

The ?*’Am (5.486 MeV « source) is placed 1cm close to the detector in the vacuum
chamber so as to cause an interaction between the detector and the americium source. RBS
spectrum for the alpha source is acquired by importing the ASCII saved files of the
interaction into the SIMNRA software. The channel number, Cam for detecting the 5.486

MeV « source is read and recorded.

Since all parameters are known, the constant of the detection medium, S is determined to

as:

B = am—Co (3.2)

Eam

At this stage, the detector system calibration is achieved
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3.4.2 ACCELERATOR CALIBRATION
It was ensured that the accelerator and voltmeter have stabilized before the calibration
process was initiated. The silicon surface barrier detector was placed at an angle of 165° to

detect the alpha particles that are backscattered.

At this stage of the calibration, gold target is used as the only target material and
backscattering spectra were collected at five measured accelerator voltages, Vm = 0.4 MV,

0.7 MV, 0.9 MV, 1.096 MV and 1.198 MV.

The gold target is irradiated with helium beam of accelerating voltage, 0.4 MV. The
backscattered a particles are detected with the surface barrier detector. An RBS spectrum
was collected for the gold target at a collection charge of 20 pC. This spectrum was fitted
with the SIMNRA quantitative software. During the fitting process, the gold element is
energy calibrated to place its channel of detection to the corresponding energy. This is done
by gradually adjusting the energy per channel and particles solid angle parameters in the
SIMNRA software. The channel of detection, C was read and recorded for backscattered

a-particles for the gold target at this accelerating voltage.

Maintaining the gold target, the alpha particle accelerating voltage is varied at voltmeter
readings (Vm) of 0.7 MV, 0.9 MV, 1.096 MV and 1.198 MV. At each accelerating voltage,
an RBS spectrum was collected for the gold target at a collection charge of 20 uC. Each
spectrum was fitted using the SIMNRA quantitative software. During the fitting process
for the four different spectra, the gold element is energy calibrated to place the channels of
detection to their corresponding energies. This is done by gradually adjusting the energy

per channel and particles solid angle parameters in the SIMNRA software. The channels
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of detection, C were separately read and recorded for backscattered « particles for the gold

target at the four different accelerating voltages.

From the resulting data, a graph of C is plotted against Vm as shown in equation 3.3.

C = (Cp + nkBVy) + nkapBVy, (3.3)

Using the earlier known and computed values of 8 and C,, the k value of Au and n=2, the

calibration constants, V, and a are determined from the graph:

VB — Interie;t—co (34)
__ Slope
a= Sk—;’ (3.5)

After all these constants are determined, the calibration is completed.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 OVERVIEW

This chapter presents the results and discussions on the various procedures followed to

achieve the ion beam energy calibration of this accelerator facility.

4.2 DETECTOR SYSTEM CALIBRATION

The first stage of the calibration was achieved by determining the detector offset (Co) and
the detection system constant (8). Therefore, the results of the detector offset (Co) and the
detection system constant () are presented. The raw spectrum is represented by the red

curve whereas the fitted spectrum is represented by the blue spectrum.

4.2.1 Detector Offset (Co) determination
Figure 4.1 represents the raw (undeconvoluted) spectrum generated after the recorded
ASCII data of gold target irradiated at the accelerator terminal voltage of 0.6688 MV was

imported into SIMNRA software.
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Figure 4. 1. Raw (undeconvoluted) SIMNRA spectrum for gold target at accelerator
terminal voltage of 0.6688 MV

In figure 4.1, the gold peak is observed to be thin as compared to the glass substrate. This
is because the scattered energy during the particle interaction with the gold sample is less.
The gold peak showed a higher peak count of 1500 because a lot of interactions occurred
between the helium beam and the gold sample. Also, the broad curve indicates the glass
substrate of gold. This broad curve was observed because the difference in the scattered
peak was higher. Also, interactions that occurred within the glass sample was very less
resulting a lesser peak count of 4500. The plateau formed indicates a separation between
the two overlapping peaks of gold and glass; revealing the chromium thin layer sandwiched
between the glass substrate and the gold target. Therefore, the plateau or the observed
drastic fall in counts indicates a very less interaction between the helium beam and the thin

chromium layer.

58



Figure 4.1 was calibrated so that the channels matched their true energies. In so doing, the
following adjustments were carried out: the energy to channel ratio was set to 1.12 keV/ch
and the solid angle set at 3.7x 10! particles sr. Parameters such as energy spread,
calibration offset, and detector resolution were not altered. The spectrum fitting parameters

for the gold target at this accelerator terminal voltage of 0.6688 MV is shown in figure 4.2
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Figure 4. 2: Calibration parameters for Gold at accelerator terminal voltage of 0.6688 MV

After the necessary adjustments, the gold spectrum was fitted with a simulated spectrum
that closely matched the raw spectrum. As observed in figure 4.3, channels of detection are

matched to their true energies.
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Figure 4. 3: The Calibrated SIMNRA spectrum for gold target at accelerator terminal
voltage of 0.6688 MV

After the spectrum fitting process, the channel for detecting the gold sample was found to

be at channel 1658.

In figure 4.3, the red curve indicates the raw or the experimentally generated spectrum of
gold target and the blue curve indicates the calibrated or the simulated spectrum of the gold
target. The experimental and the calibrated gold (Au) peaks matched perfectly due to purity
of the gold sample. The glass substrate end of the raw spectrum was not fitted as this was
not part of the region of interest (ROI); hence the difference observed in the curves at the

region.

Figure 4.4 shows the raw (undeconvoluted) spectrum of aluminum generated after the
ASCII data of aluminum target at accelerator terminal voltage of 0.6688 MV was imported

into SIMNRA software.
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Figure 4. 4: Raw (undeconvoluted) SIMNRA spectrum for aluminum at 0.6688 MV

As the helium beam interacted with the aluminum target, the energy of the helium beams
continuously reduced between the counts of 8500 to 1000. This accounted for the scattered

points in the aluminum target.

The difference in scattered energy is very high in the aluminum target. This indicates that
a lot of the aluminum atoms are concentrated at the latter end of the target and hence less

interactions are observed in this sample.

The aluminum spectrum in figure 4.4 was fitted so that the channels matched their true
energies. In fitting the aluminum spectrum, all other parameters remained unchanged but
the particles solid angle was adjusted to 2.0 x10*! particles and the energy per channel ratio

set at 1.218 KeV/Ch. This is as shown in figure 4.5
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Figure 4. 5: Calibration parameters for aluminum at accelerator terminal voltage of
0.6688 MV

It is observed in figure 4.6 that, after the spectrum fitting process, the corresponding

energies of the aluminum target were matched to their true channels of detection.
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Figure 4. 6: Calibrated SIMNRA spectrum for aluminum at accelerator terminal voltage of
0.6688 MV

The red curve represents the experimental or the uncalibrated spectrum of the aluminum
target whereas the blue curve represents the calibrated or simulated spectrum of the

aluminum target.

The number of counts obtained from the simulated spectrum was 3700 and that of the
experimental spectrum was a little above 3700. There is no noticeable deviation between
the simulated and the experimental counts. This confirms that the target material is a pure
aluminum target. Also, more of the aluminum atoms are located deep within the aluminum

other than its surface.

After the spectrum fitting process, the channel for detecting the aluminum sample was

found to be at channel 992.

Figure 4.7 shows the raw (undeconvoluted) copper spectrum after the ASCII data for

copper at accelerator terminal voltage of 0.6688 MV was imported into SIMNRA software.
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Figure 4. 7: Raw (undeconvoluted) SIMNRA spectrum for copper at accelerator terminal
voltage at 0.6688 MV

More of the copper atoms or particles are concentrated at the base of the target and hence
less interactions are observed in this sample. This resulted in little or no observed scattered

points in the copper target.

The copper spectrum was fitted by adjusting the energy to channel ratio to 1.13 keV/ch and
the solid angle set at 5.5x 10! particles sr. Parameters such as energy spread, calibration
offset, and detector resolution were not altered. The calibration parameters for the copper

target at this voltage of 0.6688 MV is shown in figure 4.8
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Figure 4. 8: Calibration parameters for copper at accelerator terminal voltage of
0.6688 MV

After the calibration parameters were adjusted, the copper spectrum was calibrated. Figure

4.9 shows the fitted spectrum of copper.
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Figure 4. 9: Calibrated SIMNRA spectrum for copper at accelerator terminal voltage of
0.6688 MV
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The count of the theoretical simulation (the blue curve) was 40000 and that of the
experimental simulation (red curve) was 30000. The deviation in count is negligible,

indicating that the target is a pure copper target.

After the spectrum fitting process, the channel for detecting the copper sample was found

to be at channel 1414.

Figure 4.10 shows the raw (undeconvoluted) silicon spectrum generated after the ASCII

data of silicon at 0.6688 MV was imported into SIMNRA software.
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Figure 4. 10: Raw (undeconvoluted) SIMNRA spectrum for silicon target at accelerator
terminal voltage of 0.6688 MV

More atoms of glass are concentrated at the base of the target and hence less interactions

are observed in this sample. This resulted in an observed peak count of about 4000.

The steps in the curve indicates that the silicon target is not homogenous; owing to the fact

that other trace elements may be present in silicon material.
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The spectrum in figure 4.10 is fitted by adjusting the energy to channel ratio to 1.15 keV/ch
and the solid angle set at 5.5x 10! particles sr. The energy spread, calibration offset,
detector resolution parameters were not altered. The fitting parameters for the silicon target

at this voltage of 0.6688 MV is shown in figure 4.11.

B Setup! Experiment —
Fils
1 iclimpit
Clther ion
L H L IHw E l=rmimnt He
oD (- A
T '} Other Maxs 4

Energy [ket] 202200

[EFCrT T

= Incident Angle (Deg) .00
B E=itAngle [Deg) T5. 00
8 Soattering Angle [Deg) 1s5.00
Calibraticr
Calibration Cffzet [ket] [ nnln}
Ernmrgy per Channsl (ke Achl 1. 1500
Cluadratic Tarrm [ket Aol 2] 0, 000E +0

P are mrEr ay calibration options [
Farticlaz ¥ xr 5 500E +11
E rimigy imzoluitiom
D etectar Hesolution (ke 15, 000 | 2
E mmirgy sprmsc] af imciclart
Bsmarm (e g.000

[ Cancml H=lz

Figure 4. 11: Calibration parameters for silicon target at accelerator terminal voltage of
0.6688 MV

After the adjustments, the channels are matched to their respective energies. As observed
in figure 4.12, the count of the theoretical simulation (the blue curve) was 95000 and that

of the experimental simulation (the red curve) was 4500.
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Figure 4. 12: Calibrated SIMNRA spectrum for silicon at accelerator terminal voltage of
0.6688 MV

The deviations in the counts is as a result of the inhomogeneity of the silicon sample. The
suspected trace elements (aluminum and sodium) that are in the silicon sample caused
scattering and energy loss as the helium beam interacted with the silicon target at a terminal

voltage of 0.6688 MV.

After the fitting process, the channel for detecting the silicon sample was found to be at

channel 1012.

The channels for detecting each of target elements; gold, aluminum, copper, and silicon
after the calibrations are recorded in table 4.1. It is observed that he channels of detection
increased as the accelerator voltage increased. Also, the scattered energy of each target

element is also recorded in table 4.1.

The RBS kinematic factor for each target material was calculated using the relation,

k=5 (4.1
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Where Eo = initial energy of the a particles (Eo= 2032.00keV) and Ei= backscattered
energy of the scattered a particles. Also, the calculated values of the kinematic factors of

the Gold, Aluminum, Copper, Glass and silicon targets are recorded in table 4.1.

Table 4. 1: Experimental data for scattered energies of a particles, channel numbers and
kinematic factors of the different target materials

Energy/Channel ) )
Channel Kinematic
Element Ei(keV) offset
number, C factor, K
(KeV/Ch)

Aluminum 1141.38 1.22 992 0.5617
Silicon 1141.38 1.12 1012 0.573
Copper 1164.38 1.15 1414 0.7866

Gold 1857.52 1.15 1658 0.9141

The result of a linear plot of channel number against kinematic factor is shown in figure
4.13. From this plot, the kinematic factors and the channels of observing a target element

are directly proportional. Also, the intercept reveals the detector offset (Co) as —70.24.
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Figure 4. 13: Calibration graph of channel numbers (C) plotted against kinematic
factors (k)

4.2.2. Determination of the detection system constant (B).

Figure 4.14 shows the experimental spectrum of the americium source.
|

—| Peak for 2*!Am 5.486 MeV Alpha
a radiation source
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Figure 4. 14: Spectrum for the *!Am 5.486 MeV Alpha a radiation source
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At a count of about 30000, the channel Cam for observing the 5.486 MeV alpha radiation

has been found to be 5212.

The energy, Eam of the americium alpha source is 5.486 MeV. Also, with Cam and Co

known, the detection system constant, 8 is determined as;

_ Cam—Co _ 5212—(=70.24) _
B= e = ave = 962.8 channels/MeV (4.2)

This completes the detection system calibration.

4.3: ACCELERATOR SYSTEM CALIBRATION
The results and discussions of the generated spectra when helium beam accelerated at five
different accelerating voltages; 0.4 MV,0.7 MV,0.9 MV,1.096 MV and 1.198 MV

interacted with the gold target are presented in this section.

Figure 4.15 represents the raw (undeconvoluted) spectrum generated when helium beam

accelerated at 0.4 MV interacted with the gold target.
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Figure 4. 15: Raw (undeconvoluted) gold spectrum at accelerator terminal voltage of 0.4
MV

The gold target is made of gold on a thick glass substrate, with a thin chromium layer
sandwiched in between. In the spectrum, the layer with highest channel of detection is

gold (Au) followed by the thin chromium (Cr) layer and the thick silicon (glass) substrate.

There was a greater interaction between the helium particles and the gold elements thereby
producing the sharp peak immediately. The gold layer is observed to have more counts

since the helium beam interacted with more particles in the gold layer.

There were more scattered peaks in the regions of the chromium and the glass substrate.
This was due to less interaction between the helium particles and the chromium and the
glass substrate as the energy of the helium particles had reduced after interacting with the
gold layer. The less beam interaction between the chromium layer and the glass substrate

contributed to the lesser peak counts observed in those layers.
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The gold layer was fitted to determine its true channel of detection. The red curve

represents the experimental simulation whereas the blue curve represents the calibrated

simulation. This is shown in figure 4.16.
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Figure 4. 16: Calibrated Gold layer at terminal accelerating voltage of 0.4 MV

In fitting the gold in figure 4.15, the particle sr and the energy per channel of the spectra

were adjusted to 8.65 x 1010 particles sr and 3.62 KeV/Ch respectively for an incident

helium beam of 0.4 MV.

After the fitting process, the channel for detecting the gold layer at 0.4 MV terminal

accelerator voltage was subsequently found to be 308.

Figure 4.17 represents the raw (undeconvoluted) spectrum generated when helium beam

accelerated at 0.7 MV interacted with the gold target.
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Figure 4. 17: Raw (undeconvoluted) gold spectrum at accelerator terminal voltage of
0.7 MV

The gold target is made of gold on a thick glass substrate, with a thin chromium layer
sandwiched in between. In the spectrum, the element with highest channel of detection is

gold (Au) followed by the thin chromium (Cr) layer and the thick silicon substrate.

There was a greater interaction between the helium particles and the gold elements thereby

producing the immediate sharp peak.

More scattered peaks were found in the regions of the chromium and the glass substrate.
This is as a result of less interaction between the helium particles and the chromium and
the glass substrate as the energy of the helium particles reduced after interacting with the
gold layer situated at the surface of the gold target. The reduced particle interaction in the

chromium and the glass layers resulted in the reduced peak counts in these two regions.
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The gold layer was fitted to determine its true channel of detection. The red curve
represents the experimental simulation whereas the blue curve represents the calibrated

simulation. This is shown in figure 4.18.
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Figure 4. 18: Calibrated Gold layer at terminal accelerator voltage of 0.7 MV

In fitting the gold in figure 4.18, the particle sr and the energy per channel of the spectra

were adjusted to 3.70 x 10° particles sr and 2.32 KeV/Ch respectively for an incident

helium beam of 0.7 MV.

After the fitting process, the channel for detecting the gold layer at 0.7 MV terminal

accelerator voltage was found to be 820.

Figure 4.19 shows the raw (undeconvoluted) generated when helium beam accelerated at

0.9 MV interacted with the gold target.
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Figure 4. 19: Raw (undeconvoluted) gold spectrum at accelerator terminal voltage of
0.9 MV

Obviously, the gold target is made of gold, with a thin chromium layer sandwiched between
the thick glass substrate. In the spectrum, the layer with largest channel of detection is gold

(Au) followed by the thin chromium (Cr) layer and the thick silicon substrate.

There was a greater interaction between the helium particles and the gold elements thereby

producing the sharp peak with the highest peak count.

There were more scattered peaks in the regions of the chromium and the glass substrate.
This was due to less interaction between the helium particles and the chromium and the
glass substrate as the energy of the helium particles had reduced after interacting with the
gold layer. The reduced interaction in these two regions caused the reduced peak counts

for the chromium layer and the glass substrate.
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The gold layer was fitted to determine its true channel of detection. The red curve
represents the experimental simulation whereas the blue curve represents the calibrated

simulation. This is shown in figure 4.20.
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Figure 4. 20: Calibrated Gold layer at accelerator terminal voltage of 0.9 MV

In fitting the gold layer in figure 4.15, the particle sr and the energy per channel of the
spectra were adjusted to 8.08 x 107 particles sr and 2.28 KeV/Ch respectively for an

incident helium beam of 0.9 MV.

After the fitting process, the channel for detecting the gold layer at 0.9 MV terminal

accelerator voltage was subsequently found to be 1090.

Figure 4.21 represents the raw (undeconvoluted) spectrum generated when helium beam

accelerated at 1.096 MV interacted with the gold target.
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Figure 4. 21: Raw (undeconvoluted) gold spectrum at accelerator terminal voltage of
1.096 MV

The gold target is made of gold, sandwiched with a thin chromium layer sitting on a thick
glass substrate. In the spectrum, the layer with highest channel of detection is gold (Au)

followed by the thin chromium (Cr) layer and the thick silicon substrate.

There was a greater interaction between the helium particles and the gold elements thereby

producing the sharp peak immediately.

There were more scattered peaks in the regions of the chromium and the glass substrate.
This was due to less interaction between the helium particles and the chromium and the
glass substrate as the energy of the helium particles had reduced after interacting with the

gold layer.

The gold layer was fitted to determine its true channel of detection. The red curve
represents the experimental simulation whereas the blue curve represents the calibrated

simulation. This is shown in figure 4.22.
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Figure 4. 22: Calibrated Gold layer at terminal accelerating voltage of 1.096 MV

In fitting the spectrum in figure 4.21, the particle sr and the energy per channel of the
spectra were adjusted to 4.02 x 10° particles sr and 2.302 KeV/Ch respectively for an

incident helium beam of 1.096 MV.

After the fitting process, the channel for detecting the gold layer at 0.4 MV terminal

accelerator voltage was subsequently found to be 1320.

Figure 4.23 represents the raw (undeconvoluted) spectrum generated when helium beam

accelerated at 1.198 MV interacted with the gold target.
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Figure 4. 23: Raw (undeconvoluted) gold spectrum at accelerator terminal voltage of
1.198 MV

The gold target is made of gold on a thick glass substrate, with a thin chromium layer
sandwiched in between. In the spectrum, the layer with highest channel of detection is gold

(Au) followed by the thin chromium (Cr) layer and the thick silicon substrate.

There was a greater interaction between the helium particles and the gold elements thereby

producing the sharp peak immediately.

There were more scattered peaks in the regions of the chromium and the glass substrate.
This was due to less interaction between the helium particles and the chromium and the
glass substrate as the energy of the helium particles had reduced after interacting with the

gold layer.

The gold layer was fitted to determine its true channel of detection. The red curve
represents the experimental simulation whereas the blue curve represents the calibrated
simulation. This is shown in figure 4.24.
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Figure 4. 24: Calibrated Gold layer at accelerator terminal voltage of 1.198 MV

In fitting the spectrum in figure 4.23, the particle sr and the energy per channel of the
spectra were adjusted to 8.08 x 107 particles sr and 2.28 KeV/Ch respectively for an

incident helium beam of 1.198 MV.

After the fitting process, the channel for detecting the gold layer at 1.198 MV terminal

accelerator voltage was subsequently found to be 1460.

It is observed that, irradiating the gold target at the five different and increasing
accelerating voltages, the channels of observing the gold layer increased as well. This is as

shown in Table 4.2.
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Table 4. 2: Data of gold spectra fits at five different accelerator voltages

Energy/Channel
Voltage, Vm )
Particles Sr. offset Channel(C)
(MV)
(KeV/Ch)

0.4 8.6x 1010 3.62 308

0.7 3.7x 1010 2.32 820

0.9 8.08x 10° 2.28 1090
1.096 4.02x 1010 2.302 1320
1.198 3.56x 101° 2.26 1460

The channel of detecting the gold layer increased when the incident beam energy was
increased because, at a higher energy, the helium beam and gold layer interaction rate was

higher causing most of the gold particles to interact quicker.

The result of a plot of channel number (C) as a function of terminal accelerator voltage
(Vm) is as shown in figure 4.25. From this plot, the channels of observing the gold target

is directly proportional to the accelerating voltages.
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Figure 4. 25: A plot of channel (C) against accelerating voltages (V,,,)

From the plot, slope has been found to be 1423.2 channels and the intercept -222.66

channels.

That is, the intercept, (Co + nkBVy) = 1423.2 and the slope, nkafp = 1423.2 channels.
Using the values of n=2, k=0.9141, 3=962.8 channels/MV and Co= -70.24 channels V,

and a are calculated as;

V. = Intercept=Co _ —222.66—(-70.24) __
o =

T T kB 0.9141x962.8 —0.173 MV (4.3)

— Slope _ _ 14232 =1.617 MeV/MV (44)

a =
nkp 0.9141%962.8

The a beam energy calibration equation becomes,
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E =—0.173n + 1.617nV,, (MeV), n=2 (4.5)

Or

E = —0.35 + 3.23V,, (MeV) (4.6)

The established experimental equation in this work is similar to the theoretical beam energy

calibration equation,

E = nVy + naV,, (MeV) 4.7)

The fits shown in fig 4.27 reveals the linear dependence of E on V, and C on E.

4.4 VALIDATION OF THE IMPLEMENTED CALIBRATION METHOD AND
EQUATION
The general equation governing tandem acceleration of ion beams through particle

accelerators is given as:

E = Ei+nVm, (4.8)

Eiis the injection energy of the ion, n is the charge state of the helium beams. This equation
theoretically predicts the energy a charged helium ion beam would produce when

accelerated by the tandem accelerator at GAEC.

Table 4.3 compares the predicted or theoretical helium beam energies at different

accelerator voltages to the experimental energies (employed eqn. 4.6).
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Table 4. 3: Theoretical beam energies at different accelerator voltages verses experimental
beam energies

. ) Energy
Voltage Theoretical Experimental ) Energy
Difference )
(MV) Energy (MeV) energy (MeV) Difference (%)
(MeV)
0.4 1.237 0.942 0.295 29.5
0.7 2.124 1.911 0.213 21.3
0.9 2.758 2.557 0.201 20.1
1.096 3.338 3.19 0.148 14.8
1.198 3.637 3.52 0.117 11.7
1.2 3.649 3.526 0.123 12.3
1.3 3.951 3.849 0.102 10.2
1.4 4.253 4172 0.081 8.1
1.5 4.555 4.495 0.06 6
1.6 4.857 4.818 0.039 3.9
1.7 5.159 5.141 0.017 1.7

It is observed in the table that, there was a decrease in the difference in energies as the
accelerator voltage increased. That is, at higher operating voltages of the accelerator, the
error margin in energy of ion beam produced from the accelerator system is minimal.
Conversely, at lower operating terminal voltages of the accelerator system the energy error

margin widens.

The theoretical and experimental energies relate with an R-squared energy of 1, indicating
a strong correlation within the theoretical and experimental beam energies. Therefore, the
same nuclear reactions occur in both the theoretical and experimental beam energies. This

is as shown in the graph in figure 4.26.
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Figure 4. 26: Correlation between theoretical energy and the experimental energy at 10
different accelerator voltages

Also, the newly computed energies based on the accelerator energy calibration were tested
on a 2 MeV ?’Al(o,00)?®Si nuclear reaction analysis of an sample containing aluminum
(Al). Spectra were collected for RBS, background (RBG), PIXE, and nuclear reaction

analysis (NRA) as shown in figure 4.27.
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Figure 4. 27: Spectra from ion beam analysis of aluminum target using 2.026 MeV helium
beam output energy

The PIXE spectrum indicates the elemental composition of the target material. In this case
the element determined is aluminum (Al). The RBS spectrum indicates the thickness of the
aluminum (Al) target. Also, the RBG spectrum is the background which reveals the

impurities in the aluminum (Al) target.

The results show that the energy calibration was in the acceptable range since the ion beam
energy output, 2.026 MeV was able to produce a low cross-section nuclear reaction such
as 2'Al(a,00)?Si based on comparison with published nuclear data in the International
Atomic Energy Agency (IAEA) IBANDL database which made use of an ion beam energy

output of 2.0 MeV. There was a deviation of 0.026 MeV (1.3%) in beam output energy to
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cause the 2’Al(o,a0)?Si nuclear reaction. This deviation is insignificant in having any

effect on the 2’ Al(a,00)?Si nuclear reaction.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

The 1.7 MV tandem accelerator at the Accelerator Research Centre (ARC) of the Ghana
Atomic Energy Commission (GAEC) has successfully been calibrated through the use of
the Rutherford Backscattering Spectrometry (RBS) technique. The calibration procedure
ensured that the energy of the accelerated helium ions from the accelerator facility were

known with a high precision and accuracy.

The detector system calibration was performed with the consequent determination of the
system off-set.
The accelerator system parameters (off-set in terminal voltage volt-meter reading) were

accurately measured through the system calibration carried out.

This technique of ion beam energy calibration has been found to be very simple and time
saving. This is because only five steps of energy ranges were used during the processes of
the ion beam energy calibration as compared to the several runs of energy range used in

nuclear resonance technique of ion beam energy calibration at the ARC facility.

Also, the newly adopted method of ion beam energy calibration is cost effective. This
method does to require running of the accelerator to cover a wide energy range in order
produce the needed nuclear reactions to perform the energy calibration. Operating the
accelerator for extended runtime means one must consider the high cost involved in

purchasing electricity for such operations. Also, this technique did not require any complex
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instrumentation or that any change be made to the existing experimental setup at the ARC

facility of GAEC being utilized for ion beam analysis (IBA).

Helium ion beam energy calibration using the new method is achieved within a shorter
time as compared to the nuclear resonance method of ion beam energy calibration. The

current method has proved reduced accelerator run-time and less man-hour (labour) usage.
A model beam energy calibration for the ARC facility has been established as:
E = —0.35n + 3.23V,, (MeV) (5.1)

This experimentally determined helium beam energy calibration equation agrees with the
theoretical tandem ion beam energy accelerator equation. The new energies derived from
the calibration procedure were tested with the alpha particle — aluminum nuclear reaction
2IAl(a, ao)?’. This result was found to be in good agreement with published Al nuclear
reaction resonance data in the IAEA IBANDL database (https://www-

nds.iaea.org/exfor/ibandl.htm).

This simple, time saving, cost effective and efficient RBS technique of ion beam energy

calibration technique has successfully been adopted and implemented at the ARC facility.

90



5.2 RECOMMENDATIONS

In view of the various methods of calibrating helium ion beams of particle accelerators;

It is recommended that ARC facility use this current method of energy calibration
alongside the existing method for a longer period and conduct full-scale
comparison.

Particle accelerator centres could also employ the RBS technique to routinely
calibrate their accelerators as this method is simple, time saving, efficient and cost
effective.

It is recommended that future works be directed to calibrating the proton beam

lines using the RBS technique.
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