
Measurement of Heavy Ion induced X-ray production cross 

sections in metallic targets at MeV energies 

 
by 

 

Masedi Carington Masekane 

 

 

submitted in accordance with the requirements for 

the degree of 

 

Master of Science 

 

in the subject 

 

Physics 

 

at the 

 

University of South Africa 

 

 

Supervisor: Dr. S.J. Moloi (University of South Africa) 

Co-Supervisor: Prof. M. Msimanga (Tshwane University of Technology) 

 

April 2019 

  

mdhlucv
Inserted Text
  



- 1 - 

 

 

Declaration 

 

 

Name: Masedi Carington Masekane 

 

Student number: 62700022 

 

Degree: MSc. Physics 

 

 

Measurement of Heavy Ion induced X-ray production cross sections in metallic 

targets at MeV energies 

 

 

I declare that the above dissertation is my own work and that all the sources that I have used or 

quoted have been indicated and acknowledged by means of complete references. 

 

I further declare that I submitted the dissertation to originality checking software and that it falls 

within the accepted requirements for originality.  

 

I further declare that I have not previously submitted this work, or part of it, for examination at 

the University of South Africa for another qualification or at any other higher education 

institution. 

 

 

 

    20/04/2019 

________________________ _____________________ 

SIGNATURE  DATE   



i 

 

Abstract 

Experimental X-ray production cross sections (i.e. probability of X-ray generation in a target by 

an incoming MeV ion) are useful not only for fundamental ion beam – matter interaction studies, 

but also for the development of new ion beam materials analysis techniques such as Heavy Ion 

Particle Induced X-ray Emission (HI-PIXE) spectroscopy. Unfortunately, while theoretical 

predictions of X-ray production cross sections due to light (Z<6) projectile ions are generally in 

good agreement with experiment, this is not the same for heavier projectiles. Experimental studies 

show that heavy ions induce higher X-ray yields in targets compared to light ions of the same 

velocity, which implies higher sensitivity for Heavy Ion PIXE. There is therefore a need for 

substantial experimental data to improve theoretical models. This dissertation presents 

measurements carried out at the iThemba Laboratory for Accelerator Based Sciences (LABS) to 

determine X-ray production cross sections in Vanadium (V), Zirconium (Zr) and Tin (Sn) metal 

oxide films due to carbon and chlorine MeV ion beams at an ion velocity range of 0.1-1.0 MeV/u. 

The measured cross sections are compared to predictions by the modified Plane Wave Born 

Approximation (PWBA) and the ECPSSR theory that takes into account; the energy loss (E) of 

the projectile due to Coulomb deflection (C) by the target atom, and the perturbed-stationary state 

(PSS) and relativistic nature (R) of the target atoms’ inner shell. The observed agreements and 

discrepancies between experiment and theory are discussed in terms of the atomic ionization 

mechanisms for each projectile-target collision. 
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Chapter 1 
 

Introduction 
 

1.1 Ion-atom collisions: X-ray production 

 

The study of ion beam-matter interactions continues to be of interest for both fundamental physics 

and practical applications. When a beam of swift particles impinges on a material, a number of 

interactions take place, one of which leads to the production of X-ray photons [1]. These are 

produced as either bremsstrahlung (i.e. radiation produced due to the deceleration of electrons) 

and/or as characteristic X-ray photons where X-rays are produced as an atom electronically relaxes 

post the ionization of its electron shell(s). Due to the chemical specificity of electronically neutral 

element-atoms where the number of electrons in an atom is unique to a particular element, the 

energy of characteristic X-ray photons for particular electronic transitions is element specific [2]. 

Characteristic X-ray energies arise due to the difference in orbital binding energies of the electron 

shell from which an electron is ejected by an incoming projectile, and the shell to which an electron 

falls in its transition to fill up a created vacancy (by the ejected electron). This unique set of X-ray 

energies constitutes a spectrum of observable X-ray fingerprints from which individual elements 

can be identified.  

 

Although this, in principle, is the case, the identification of elements from a particular atomic 

matrix and the subsequent approximations of elemental concentrations in matter is hindered by 

incomplete knowledge of the extent to which X-rays can be produced for ion induced emissions. 

The physical quantity which informs the estimation of such an extent is described by the X-ray 
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production cross section (i.e. the ion-velocity dependent probability of X-ray generation from an 

atom as a projectile ion passes through the vicinity of the target atom) [3]. This probability is 

described as a function of the ionization cross section (i.e. the ion-velocity dependent probability 

of inner-shell ionization by an incident ion) and the fluorescence yield which describes the extent 

of X-ray production due to the ionization and de-excitation of an atom by a single ion. Both the 

X-ray production and ionization cross sections are represented by a regional area of the atom 

measured in units of barns (1x10-28m2).  

 

In the event of a collision between a projectile ion and a target atom, ionization can only occur if 

the incident projectile ion passes through this defined cross section region [1]. Although the 

relation between X-ray production and ionization is well defined, the X-ray production and the 

ionization cross section are not the same and not of the same value (i.e. different sizes of the two 

regions). This is because the occurrence of ionization may also induce another type of reaction, 

such as the non-radiative Auger effect (see chapter 2) [1]. It is therefore important to establish the 

X-ray production cross section relative to the ionization cross section (differential cross section) 

in order to estimate the extent to which a target atom may generate X-ray photons (i.e. the X-ray 

fluorescence yield) post an ion-atom collision. 

 

1.1.1 Particle Induced X-ray Emission (PIXE) spectroscopy 

Particle Induced X-ray Emission (PIXE) spectroscopy is an Ion Beam Analysis (IBA) technique 

wherein energetic ion beams are used to probe matter through the emission of characteristic X-ray 

photons from a material [2]. This is done through the detection and analysis of characteristic X-

ray photons due to a number of electronic transitions, which are then used for multi-elemental 

characterization and quantification. The technique plays a vital role in a number of fields, such as 
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in agriculture, biotechnology, medicine, archeology, electronics and also nuclear and materials 

sciences [4 - 7]. The main contribution of PIXE to these industries is in providing non-destructive 

observations of trace elements and multi-elemental concentrations in fragile material samples [8]. 

Proton beam PIXE has been the mainstay of the PIXE technique since its inception in 1970[1]. 

The notion of the ‘P’ in PIXE being interchangeable between ‘Proton’ and ‘Particle’ was mainly 

due to the extensive use of protons in conducting PIXE analysis [1]. In tandem with experimental 

data, there has been a steady improvement in theoretical descriptions of ion-atom collisions leading 

to more accurate predictions of X-ray production cross sections. 

The earliest of these, developed in the early 1980’s were the Binary Encounter Approximation 

(BEA), the Semi-Classical Approximations (SCA) and the Plane Wave Born Approximation 

(PWBA) developed by Brandt and co-workers [9]. The PWBA, which had been most accurate 

compared to other approximations saw its modification and improvement by Brandt and Lapicki. 

These modifications resulted in a new approximation called the ECPSSR theory [10]. The 

ECPSSR theory has seen several modifications over the years since its first development in the 

mid 1980’s, and describes differential cross sections for proton-target atom interactions fairly 

accurately compared to earlier theories. The availability of reliable theoretical cross sections by 

the ECPSSR theory for proton based atomic interactions has facilitated wide application of proton 

based PIXE spectroscopy to date in a number of scientific disciplines.  

 

1.1.2 Heavy Ion Particle Induced X-ray Emission (HI-PIXE) spectroscopy 

It has been experimentally observed in recent years that probing matter using heavier projectile 

ions results in a higher rate of emission of X-ray photons compared to those due to protons at the 

same velocity [11]. This suggests that Heavy Ion PIXE (i.e. PIXE conducted with heavy ions rather 
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than the conventional light ions (Z<3)) is more sensitive than proton based PIXE. An impeding 

factor in the implementation of Heavy Ion PIXE is that theoretical approximations which are used 

to predict differential cross sections cannot be simply extrapolated for heavy ion-atom based 

interactions [2]. This has been observed in comparisons of experimental data with predictions from 

the various theoretical approximations [3, 8, 10]. This is due to changing ion-atom collision 

mechanisms that occur due to heavy ions compared to protons. There is therefore a need for an 

extensive database of experimental cross sections to aid the development of theoretical 

formulations. 

 

1.2 Ion beam analysis (IBA) at iThemba LABS 

In South Africa, PIXE is one of the main Ion Beam Analysis (IBA) techniques found at the 

iThemba Laboratory of Accelerator Based Sciences (LABS). Ion beam analysis (IBA) describes a 

cluster of modern analytical techniques used for materials’ analysis through ion beam-target 

interactions of a particular physical nature. These include the observation of ion-atom elastic, 

inelastic and nuclear reactions, as well as photon emission. The analysis of the different products 

of ion-atom interactions constitutes the various independent IBA techniques. In addition to PIXE, 

other IBA techniques include Particle Induced Gamma-ray Emission (PIGE) spectroscopy, 

Rutherford Backscattering Spectroscopy (RBS), Elastic Recoil Detection Analysis (ERDA), 

Nuclear Reaction Analysis (NRA) and MeV SIMS. 

iThemba LABS is a South African multi-disciplinary research institution which houses 

laboratories in fields of environmental sciences, materials sciences and nuclear sciences. It is 

recognized as the largest accelerator based institution in all of Africa as well as the entire Southern 

hemisphere. It is an active participant in the international scientific community for low energy 
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physics experiments and also partakes in contributions to high energy nuclear physics based 

research. Ion Beam Analysis (IBA) is carried out by the Materials Research Department (MRD) 

in Cape Town, as well as the IBA department at the Tandem AMS facility in Johannesburg. This 

particular project forms part of an international collaborative effort between multiple research 

institutions in different countries, facilitated by the International Atomic Energy Agency (IAEA) 

where the collaboration aims to develop molecular concentration mapping techniques using MeV 

focused ion beams. Research on Heavy Ion PIXE, particular to this project forms part of the cluster 

of projects intended to achieve the underlined aim. The scanning nuclear microprobe beam line at 

the iThemba LABS 6MV Tandem accelerator is used to conduct PIXE and RBS analysis. This line 

has been used to conduct fundamental physical measurements such as heavy ion induced X-ray 

production cross sections for particular targets at non-destructive energies.  

 

1.4 Aim and Objectives 

The principle aim of this project was to contribute towards the global improvement of Heavy Ion 

PIXE spectroscopy through the measurement and publication of X-ray production cross section 

data for selected metallic oxide targets, compared with both the PWBA and the ECPSSR theory. 

The objectives, in order to fulfil the underlined aim were to: 

 Perform RBS characterization measurements on selected target films to be used for X-ray 

production cross section measurements. 

 Perform X-ray yield measurements to determine X-ray production cross sections in V, Zr 

and Sn metallic oxide films due to 12C and 35Cl ion beams. 

 Conduct a detailed comparison of experimental and theoretical ECPSSR and PWBA X-ray 

production cross sections due to carbon and chlorine ion beams. 
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1.5 Dissertation Outline 

Chapter one serves as an introduction to the subject of the project by giving an overview of the 

basic theory for which the project is based, the background, history, the principal aim of the 

research study and concludes by underlining the objects from which the aim has been achieved. 

Chapter two covers the theoretical aspects of the subject of the project, thus expanding on the basic 

theory in chapter 1 giving insight into considerations of physical concepts taken into account in 

this dissertation. Chapter three as a continuum demonstrates how theoretical aspects discussed in 

chapter two are practically applied in experiment. This is done through a detailed description of 

the experimental setup of the scanning nuclear microprobe beam line used at iThemba LABS 

(TAMS) and also the acquisition of experimental data therefore. Chapter four discusses the results 

of the experimental data acquired and a detailed comparison with theoretical cross sections by the 

PWBA and the ECPSSR theory. Chapter five concludes the end of the dissertation by 

comprehensively stating the contribution of the work both in the South African and the 

international scientific context. This is done mainly through the highlight of the extent to which 

the aim and objectives of the project have been fulfilled, however ultimately the degree to which 

the principal aim of the study has been achieved in the project’s contribution to the Coordinated 

Research Project (CRP) by the International Atomic Energy Agency (IAEA). 
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Chapter 2 
 

Theoretical Overview 
 

2.1 Introduction 

X-ray generation in an atom induced by an incident projectile ion depends on a number of physical 

interactions that occur during an ion-atom collision. These physical concepts not only articulate 

the nature of particular ion interactions with matter which lead to the production of X-ray photons 

but also enable the description of the extent to which X-ray photons are and can be produced in 

matter. Chapter two serves as a theoretical overview of the main physical parameters used to 

describe ion-atom interactions; interaction potential, scattering, kinematics, ionization and X-ray 

production. 

 

2.2 Ion-atom collisions: interaction potential 

When an atom collides with an Ion of a given velocity and energy (eV), a number of physical 

interactions are bound to take place. These include processes such as forward and backscattering, 

elastic recoil, ionization and nuclear reactions. The prospect of a direct collision with the nucleus 

of the target atom is most improbable due to the extremely small size of the nucleus and relatively 

large distances to the surrounding electrons of its atom [12]. One other particular reason of this 

improbability is due to the positive charge of the nucleus which poses a Coulomb repulsion force 

in the case of positive incident ions and the negative Coulomb repulsive force in the case of 

negatively charged ions due to the electron cloud. At large distances between the incident ion and 

the atom, the positive charge of the nucleus is screened off by the negative electron cloud. The 

incident ion, as a consequence of screening, can only be repelled by the nucleus once it has entered 

the electron cloud of the target atom wherein the electronic screening effect is reduced as the ion 
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path inward the cloud increases. At this point of interaction, the mode of interaction between the 

projectile and atom depends on the energy of the projectile ion and the ion distance relative to the 

nucleus of the target atom. The energy required therefore to propel the ion about a certain distance 

from the nucleus is called the interaction potential, which implies that for every incident ion with 

a given energy, the size of the separation distance between the nucleus and the ion reduces as the 

energy increases and is increased as the energy is lowered. This relationship is described by an 

exponential function as shown by the figure below.  

 
Figure 2.1. Interaction potential plot of an atom. [12] 

 

The X-axis describes the ion distance r from the target atom nucleus. The ion distance from the 

nucleus can never be zero and is measured up to infinity [1, 12]. This is because for as long as an 

ion exists and is propelled towards a target atom, there is a given separation distance. In the case 

where the distance is extremely large, the interaction potential will be extremely low however 

existent even to the tiniest fraction. The pure Coulomb region describes the region past a point at 

which the screening effect of the electron cloud is non-existent, wherein only the positive Coulomb 

charge of the nucleus is experienced by an incident ion [1]. Figure (2.1) shows that high energy 
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ions are able to penetrate deep within a given distance from the nucleus past the screened Coulomb 

region. Low energy ions on the other hand only penetrate a small distance within the screened 

Coulomb region. Therefore, the interaction potential of an atom is important in describing how an 

ion sees an atom and thence interacts with it. For instance, in the case of high energy ions, the ion 

is able to pass through the screened Coulomb region and sees the atom as a small nucleus of 

concentrated positive charge, whereas a low energy ion sees its target atom as a relatively large 

sphere penetrable to a small limited depth. As the nature of ion-atom collisions is described by the 

interaction potential which is mathematically expressed by the general Coulomb potential, the 

following equation applies [13]: 

 
𝑉(𝑟) =

𝑍𝑖 × 𝑍𝐴 × 𝑒2

𝑟
          ; 𝑓𝑜𝑟 𝑟 < 𝑎0 

(2.1) 

where V(r) is the interaction potential, Zi is the atomic number of the incident ion, ZA is the atomic 

number of the target atom, r is the actual separation distance between the ion and the nucleus of 

the atom and ao is the distance at which the pure Coulomb region of the target atom begins. 

For low energy ions the screening function X(r) is included in the following equation: 

 
𝑉(𝑟) =

𝑍𝑖 × 𝑍𝐴 × 𝑒2

𝑟
. 𝑋(𝑟)         ; 𝑓𝑜𝑟 𝑟 > 𝑎0 

(2.2) 

 

It is not easy to calculate the screening function, however, some numerical approximations (less 

than or equal to the value of 1) have been made and are available for specific ion-atom collisions 

[1]. 
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2.2.1 Scattering 

The impact parameter describes the closest distance of approach. This is illustrated using the figure 

below [1]: 

 
Figure 2.2 Projectile impact parameter, with backscattering (left) and forward scattering (right) 

[1]. 

 

The impact parameter is one of the factors that determine the type of scattering in ion-atom 

collisions. In the case of a relatively small impact parameter, as the ion distance from the target 

atom nucleus (r) becomes smaller, the ion will experience an increase in Coulomb repulsion from 

the nucleus as it travels deeper within the pure Coulomb region [14]. At the point at which the 

ion’s kinetic energy completely diminishes along its initial ion path due to nuclear stopping, the 

ion will experience a large force at a given distance between the ion and the target nucleus. This 

force results in a large angle of deflection of the incident ion in the case where the ion is lighter 

than the target nucleus. This describes ion backscattering. When the impact parameter increases, 

the Coulomb repulsion force on the ion decreases as the ion travels further away from the nucleus. 

This leads to smaller deflection angles, thus resulting in what is referred to as forward scattering.  

2.2.2 Collision Kinematics and energy transfer 

In all ion-atom collision scenarios, there is a transfer of energy from the ion to the target atom. For 

elastic collisions such as in the case of back and/or forward scattering where it is assumed that no 
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energy is lost during the process of interaction, the mechanics of energy transfer between the ion 

and target atom can be described by the following equations [13]. 

 
𝐸1 = 𝐸0 [1 −

4𝑀1𝑀2

(𝑀1 + 𝑀2)2
cos2 𝜑] , 

(2.3) 

which is used to define the backscattering energy E1 of the incident ion upon collision, and: 

 
𝐸2 = 𝐸0 (

4𝑀1𝑀2

(𝑀1 + 𝑀2)2
) cos2 𝜑 , 

(2.4) 

which is used to describe the recoil energy E2 of a target atom. 

E0 is the initial energy of the incident ion, M1 and M2 are the masses of the target atom and the 

incident ion respectively, and the angle φ is that of deflection. 

 

The energy of the scattered ion or recoiled atom is dependent on the mass difference of the incident 

ion and the target atom. Therefore, for a particular ion of a certain energy, the energy at which the 

ion scatters will differ for every target element atom and similarly the energy of the various 

recoiled atoms will differ for every ion-element atom combination for the same ion and velocity 

[14]. Energy transfer therefore influences and describes the different types of ion-atom interactions 

and is hence important for understanding and predicting the type of interaction and reaction a 

particular ion-atom encounter might exhibit. 

 

2.2.3 The Backscattering cross section 

When an incident ion moves about the electron cloud of a target atom with a particular impact 

parameter, the probability of that ion to scatter either backward of forward can be determined for 

a known energy. The probability (cross section) of forward or backscattering of an incident ion 

depends on the trajectory of the ion relative to the perpendicular distance of the ion path from the 

nucleus of the target atom (i.e. the impact parameter). For a given ion-atom collision pair, the 



12 

 

backscattering cross section depends on the kinetic energy of the incident projectile, and thus its 

interaction potential. As there are variations in the impact parameter which influences the size of 

the reaction cross section; for experimental systems, the measurement of the backscattering cross 

section therefore depends on the angle of deflection of the ion by the target nuclei. The number of 

backscattered ions NB is described by [15]: 

 
𝑁𝐵 =

𝜎𝑏 × 𝑁𝑖 × ∆𝛺 × 𝛥𝑥

cos 𝜃
 

(2.5) 

where σb, Ni, ΔΩ, Δx and θ are the backscattering cross section, number of incident ions, detector 

solid angle, thickness of the target material and the scattering angle respectively. 

 

This results in an angle dependent differential cross section wherein the number of incident 

particles are backscattered at an angle θ with a detector solid angle Ω (i.e. measured in barns per 

steradian). Equation 2.7 describes the backscattering cross section in a purely Rutherford potential 

[18]: 

 𝑑𝜎

𝑑𝛺
= 𝜎𝑅[𝑚𝑏/𝑠𝑟]

= 5.184 × 106. (
𝑍1𝑍2

𝐸[𝐾𝑒𝑉]
)
2

.
{(𝑀2

2 − 𝑀1
2 sin2 𝜃)

1
2 + 𝑀2 cos 𝜃}2

𝑀2 sin4 𝜃. (𝑀2
2 − 𝑀1

2 sin2 𝜃)
1

2⁄
 

(2.6) 

where M1 and Z1 are the mass and nuclear charge of the projectile ion, M2 and Z2 are the mass and 

nuclear charge of the target atom respectively. θ is the scattering angle and E is the energy of the 

incident ion. σR is the differential or measured backscattering cross section in an experimental 

system. 

It has been observed for some (experimental systems) that the backscattering cross section may 

deviate from its Rutherford value due to the screening effect of the electron cloud of the target 

atom. In order to correct experimental backscattering cross sections, a correction factor is thus 
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needed to normalize the effect of electronic screening. The correction factor F is therefore 

introduced [18]: 

 𝜎𝑏 = 𝐹 × 𝜎𝑅 (2.7) 

The correction factor for scattering angles of the range θ>90ͦ at energies generally used in ion beam 

analysis is generally low, typically less than 10%. However, for scattering angles of the range of 

θ<90ͦ some approximations have been seen to deviate from the expected value of the Rutherford 

cross section. The approximation by Anderson et.al is most accurate for both scattering ranges, 

and therefore corrects the backscattering cross section fairly accurately [14]. This is described by: 

 

𝐹𝐴𝑛𝑑𝑒𝑟𝑠𝑜𝑛 =
(1 +

1
2 .

𝑉1

𝐸𝐶𝑀
)
2

{1 +
𝑉1

𝐸𝐶𝑀
+ [

𝑉1
2𝐸𝐶𝑀 . sin 𝜃𝐶𝑀

2⁄
]

2

}

2 

(2.8) 

The subscript CM indicates that the cross section is measured from the center of mass system, 

where ECM is the energy at the center of mass system, from which the scattering angle is measured. 

given by: 

 
𝜃𝐶𝑀 = 𝜃 − 𝑠𝑖𝑛−1 ⌊

𝑀1

𝑀2 𝑠𝑖𝑛 𝜃
⌋ + 𝜋 

(2.9) 

The increase in kinetic energy V1 is described by: 

 

𝑉1[𝑘𝑒𝑉] = 0.04873𝑍1𝑍2. √(𝑍1

2
3 + 𝑍2

2
3) 

(2.10) 

The corrected backscattering cross section σb therefore is equal to the experimentally measured 

backscattering cross section corrected by the Anderson approximation, where F as shown in 

equation (2.7) becomes FAnderson. 
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2.2.4 Non-Rutherford scattering 

Pure Rutherford backscattering reactions occur when an incident ion scatters due to the Coulombic 

repulsion from the charge of the nucleus where the scattering angle is dependent on the impact 

parameter. However, when the incident ion has a high interaction potential such that it passes 

through the pure Coulomb region, the probability for such an ion to move closer to the nucleus of 

the target atom increases. Therefore, as the interaction potential of an ion increases, so does the 

likelihood for the ion to overcome the Coulomb barrier and move even closer to nucleus of the 

target atom, and in some cases react with the nucleus of the target atom [16]. The ion therefore 

scatters at a very close proximity to the target nucleus where it experiences a large repulsion force 

that counters its projectile kinetic energy. The backscattering cross section therefore deviates from 

the pure Coulomb region for high energy ions. The energy at which an ion passes the Rutherford 

region is dependent on the mass of the ion and is described by the following equations: 

 
𝐸𝐷 =

𝑀1 + 𝑀2

𝑀2
×

𝑍2

10
 

(2.11) 

where M1, M2, Z1 and Z2 are the masses of the ion and the target respectively and the respective 

atomic numbers of the ion and the target element atom. 

 

This only applies for an ion of atomic number Z=1 (i.e. for proton beams). 

For Z1>1, the following equation applies: 

 
𝐸𝐷 =

𝑀1 + 𝑀2

𝑀2
×

𝑍1 × 𝑍2

8
 

(2.12) 

where ED is the energy (MeV) at which deviations in the Rutherford backscattering cross section 

are expected for the respective ions. 
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2.3 Ionization and X-ray production 

2.3.1 Direct Ionization 

Ionization is a process in which an atom is turned into an ion as a consequence of electron loss or 

electron gain. One of the ways in which ionization occurs is through ion-atom collisions. When a 

projectile ion collides with a target atom; the energy of the incident particle can be transferred to 

the target atom’s electronic system, causing an energy state of excitation of the target atom. This 

(excitation) entails the atom carrying excess energy, rendering an unstable state. The atom as a 

consequence, in order to relieve itself of this excess energy, will lose one or more of its electrons 

(depending on the amount of energy needed to be removed in order to regain stability) from its 

electronic system. This process describes the occurrence of direct ionization, wherein a formerly 

electronically stable atom exhibits a particular charge state after a projectile-ion impact.  

 

In the context of particle induced characteristic X-ray production, the ionization of an atom from 

which X-ray photons are produced is due to the ejection of inner shell electrons of a particular 

target atom. The probability of the occurrence of electron shell ionization is measured by an 

ionization cross section which describes a regional area of probability measured in barns. This 

implies that electron shell ionization can only occur when an ion incident onto an atom passes 

within a certain area within the electron cloud of the target atom.  

The ionization cross section σi in terms of the X-ray production cross section is given by the 

following equation [17]: 

 𝜎𝑖 =
𝜎𝑥

𝜔𝐾
0 × 𝑃𝑖

 , (2.13) 
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where Pi, σx and ωK
0 (for single hole vacancies) are the intensity of the X-ray photons arising from 

all possible transitions of the line ‘i’, the X-ray production cross section and the single-hole 

fluorescence yield (discussed later in the chapter) respectively. 

 

2.3.2 Electron capture 

The ionization of an atom as a consequence of ion-atom collisions may not only be due to direct 

ionization mechanisms where an electron is ‘knocked-off’ a target atom’s electron shell post 

interaction with a projectile ion. This is because there are other types of interactions that occur 

during ion-atom collisions which can lead to ionization. One such interaction is called electron 

capture, which describes the ionization of an atom through the loss of its electron(s) due to the 

capture of electrons by an incident projectile ion [12]. This occurs due to charge exchange 

processes that take place as two atomic species collide wherein inner shell target electrons are 

stripped into vacant orbitals of a highly charged projectile ion. Ionization of a particular electron 

shell by electron capture is described as a function of the energy dependent probability of electron 

capture, called the electron capture cross section [18]. At given ion energies therefore, the total 

ionization probability may be significantly affected as a consequence of a high electron capture 

cross section. For radiative ionization events, the electron capture cross section is important in 

determining the reaction cross section, such as the X-ray production cross section described in 

section 3.6.1 of chapter 3.   

 

2.3.3 Multiple Ionization 

Multiple ionization describes an event in which more than one electron shell is ionized by one 

incident projectile ion [19]. This results in the creation of multiple vacancies within various 

principal and sub-electron shells of the target atom and thus the subsequent emission of multiple 
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X-ray photons as the atom de-excites. This implies a higher X-ray yield and therefore a higher 

probability of X-ray emission (an increased X-ray production cross section). The high ion induced 

electron deficiency results in a change in the orbital binding energies of the electron shells which 

are ionized during the ion-atom collision [19]. Simplistically, heavier ions which ionize more than 

one electron shell of a target atom induce a higher electron deficiency due to the large number of 

vacancies created when the atom‘s electron shells are ionized. This increase subsequently results 

in an increase in the known characteristic X-ray photon energies (see section 2.3.4.1. for the 

calculation of characteristic energies). The electron deficiency in particular electron shells reduces 

the negative Coulomb screening effect of the target atom. This creates ion induced polarization 

within the target atom [18]. 

 

For ionizations of the inner shells L-, M- and beyond (principal quantum numbers n>1), the Coster-

Kronig and Super Coster-Kronig transitions (see 2.3.4.1) as well as the fluorescence yield can no 

longer be assumed to be due to single-hole ionization because of multiple vacancies/holes created. 

Furthermore, the electron capture cross section is affected and is most probable to increase [18, 

20]. These effects significantly increase the X-ray production cross section which depends on the 

various physical mechanisms that are affected by Multiple Ionization. 

This is due to an increased probability of electronic transitions (i.e. a process of atomic relaxation 

which occurs to stabilize the atom) that may occur between ionized principal and sub-shells due 

to the large number of vacancies created (multi-de-excitation process). As the electrons transition 

from their various shells to the various principal and sub-shell vacancies, the number of 

characteristic X-ray photons that will be emitted due to these transitions will be relatively higher 

for one heavy ion-atom collision compared to that of a proton-atom encounter of the same ion 
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velocity. The probability of X-ray emission will therefore have increased and thus an increased X-

ray production cross section [21]. For heavier projectiles which have a higher likelihood of 

inducing a higher degree of multiple ionization, the X-ray production cross section as such is more 

likely to increase. 

 

2.3.4 Atomic relaxation 

2.3.4.1 Characteristic X-rays 

When an atom in its excited state undergoes de-excitation, it exhibits a loss of energy in order to 

attain a stable state. The mechanism of this loss of energy is through photon and electron emission. 

For matter of a matrix comprised of a number of atoms, the photons emitted therein exhibit a 

continuous range of wavelengths from the electromagnetic spectrum. When an individual atom in 

the matrix of atoms undergoes photon radiative de-excitation that is non-screened by the photons 

emanating from its neighboring atoms during their process of de-excitation, the wavelength of 

particular photons emitted from such an atom are characteristic to the atom and therefore describe 

its structure.  

Characteristic X-ray photons are one such an example. The energy of a characteristic X-ray photon 

is a result of the difference in orbital binding energies of the electron shells from which the ejected 

electron and the transitioning electron originate.  

The characteristic energy of a photon emerging from an atom due to electronic transitions is 

described by the difference in electron shell orbital binding energies of the upper electron shell 

from which the transitioning electron originates, and the lower electron shell from which the 

vacancy originates: 
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 𝐸𝑝 = 𝐸𝑈𝑝𝑝𝑒𝑟 − 𝐸𝐿𝑜𝑤𝑒𝑟 (2.14) 

The orbital energy, from which characteristic energies are determined, is dependent on the mass 

of the electron, the potential energy of the electron shell and Planck’s constant, which relates the 

photon wavelength and frequency. For a proton atom with only one electron and one electron shell, 

the electron orbital energy is described by [22]: 

 
𝐸𝑂 = −

𝑍2 × 𝑚𝑒4

2(4𝜋𝜀0)2ℎ2𝑛2
 

(2.15) 

 

 
𝐸𝑂 = −(

𝑚𝑒4

2(4𝜋𝜀0)2ℎ2
) ×

𝑍2

𝑛2
 

(2.16) 

By analyzing the quotient of all known constant parameters m, π, ε0, e and h; the orbital energy 

for the Bohr model of the atom is given by: 

 
𝐸𝑂 = −(13.57𝑒𝑉) ×

𝑍2

𝑛2
 

(2.17) 

The orbital energy in (2.17.) is applicable only to a hydrogenic atom. This is because heavy atom 

electrons in orbit (Z>1, which exhibit more than one electron in their electron orbits) are not all 

subject to the total positive charge of the nucleus as in the electron of a hydrogenic atom. This is 

due to the screening effect by the negative charges of neighboring electrons which ‘screen out’ or 

reduces the magnitude of the positive charge of the nucleus for which the individual electrons in 

orbit are subjected. This effect alters the potential energy due to changes in charge of the electron 

shell. To account for the change in charge ((Z - 1) e2) due to the screening effect, the simplified 

modified orbital energy is given by [22]: 

 
𝐸𝑀𝑜 = −(13.57𝑒𝑉)

(𝑍 − 1)2

𝑛2
 

(2.18) 
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For X-rays produced due to the ionization of the K-shell (principal quantum number n=1), the X-

rays produced can either be the Kα, Kβ or Kγ for which all describe the particular electronic 

transitions from either the L- (n=2) or M- (n=3) shells [20]. The energies of the X-rays produced 

due to these various transitions differs with respect to the differential of the respective binding 

energies from which the vacancy and transitioning electron originate. The various possible 

electronic transitions are depicted by Figure 2.2: 

 
Figure 2.3 Characteristic X-ray radiative electron transitions for the K-, L- and M- series. [15] 

 

 

Table 2.1. Radiative characteristic X-ray electron shell transitions for the K-, L- and M- series. 

[12] 

X-ray photon Electronic transition 

Kα1 K-L3 

Kα2 K-L2 

Kβ K-M3 
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Lα1 L3-M5 

Lα2 L3-M4 

Lβ1 L2-M4 

Lβ4 L1-M3 

Lβ5 L1-M2 

Lβ2 L3-N5 

Lγ1 L2-N4 

Lγ3 L1-N3 

Mα1 M5-N7 

Mβ1 M4-N6 

Mγ M3-N5 

 

Where the various electronic transitions depicted are described by the following: 

 

 𝜎𝑋,𝐾 = 𝜎𝑖,𝐾 × 𝜔𝐾 (2.19) 

 

 𝜎𝑋,𝐿𝑙 = (𝜎𝐿1𝑓13 + 𝜎𝐿1𝑓12𝑓23 + 𝜎𝐿2𝑓23 + 𝜎𝐿3) × 𝜔3𝐹3𝑙 

 

(2.20) 

 

 𝜎𝑋,𝐿,𝛽 = 𝜎𝐿1𝜔1𝐹1𝛽 + (𝜎𝐿1𝑓12 + 𝜎𝐿2)𝜔2𝐹2𝛽 + (𝜎𝐿1𝑓13 + 𝜎𝐿1𝑓12𝑓23

+ 𝜎𝐿2𝑓23 + 𝜎𝐿3)𝜔3𝐹3𝛽 

(2.21) 

 

 𝜎𝑋,𝐿𝛾 = 𝜎𝐿1𝜔1𝐹1𝛾 + (𝜎𝐿1𝑓12 + 𝜎𝐿2)𝜔2𝐹2𝛾 

 

(2.22) 

 

where Fn and fn are Coster Kronig coeficients at the n shell. 
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Characteristic X-ray peaks (i.e. statistics of X-ray photon counts for a set of particular ion-atom 

interaction events over a specific amount of time) describe particular electronic transitions. Kα 

peaks for instance, describe the statistics of X-ray photons per given time due to electron transitions 

between L3 and/or L2 (upper orbits) and the K-shell (lower orbit). For an ideal experiment, the 

center of the peak describes the energy at which the most photons are produced for that transition 

series. The peak center therefore approximates the characteristic energy of a particular transition 

series, in this case, the K-series (particular to alpha transitions).  (Figure 2.3) illustrates these 

transitions in terms of Vanadium K-shell X-ray peaks: 

 

Figure 2.4 Simulated PIXE spectrum using VIBA (Virtual Ion Beam Analysis) Lab for Vanadium 

X-rays due to K-series electron transitions induced by 2MeV protons [23]. 

 

where the peak on the left (highest registered photon counts) represents X-ray photon counts due 

to Kα electron transitions and the smaller peak on the right (lowest registered counts) represents 

X-ray photon counts due to Kβ electron transitions. 
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2.3.4.2 The Auger effect 

Although photon emission from an atom post the ionization of its electron shells is generally 

observed as the atom’s tool for de-excitation in the context of X-ray production, there are however 

cases in which the de-excitation energy is transferred to an electron of the atom’s outermost shell 

where the electron is ejected from the atom. This effect is called the Auger effect. The emitted 

electron is called the Auger electron, and its kinetic energy is equal to the difference between the 

energy change related to the electronic transition (i.e. of the electron filling up the vacancy) and 

the ionization energy of the electron shell from which the Auger electron is emitted [24]. Just as 

in the case of characteristic X-ray production, the energy of the Auger electron depends on the 

chemical structure of an atom in terms of the characteristic feature of its electronic system. The 

kinetic energy of the Auger electron therefore is characteristic of the atom element from which it 

is emitted [24]. 

 

When Heavy projectiles (Z>3) are used for ion-atom collision systems; due to the Multiple 

Ionization (MI) effect, the target atom tends to emit both an Auger electron and an X-ray photon 

by just one ion-atom interaction. This effect is called the Radiative Auger effect and is one of the 

most common observable features in the context of heavy ion induced characteristic X-ray 

production. Another of these MI induced features are special Auger transitions, which occur due 

to Coster-Kronig transitions. When an ionized atom relaxes due to electronic transitioning in a 

particular shell, the atom tends to emit an Auger electron from that particular subshell instead of 

an X-ray photon. In this case, the excess energy of the target atom is lost through the characteristic 

energy of the emitted Auger electron [11, 24]. 
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2.3.4.3 X-ray fluorescence 

During an ion-atom collision, the ionization of an electron shell which constitutes a single-hole 

vacancy can result in an event where characteristic X-rays amongst other photons are emitted to 

relieve the target atom of its excess energy. This event is called atomic relaxation where X-ray 

production refers to only one possible mode of this occurrence [25]. The measure of the extent to 

which an atom relaxes through X-ray production is described by X-ray fluorescence [17]. The X-

ray fluorescence yield therefore is a quantitative description of the extent to which X-ray photons 

are produced due to the ionization of an electron shell by one projectile ion. For electronic 

transitions due to the creation of single-hole vacancies, the fluorescence yield ‘ωk
0 ‘is constant. 

The single-hole X-ray fluorescence yield can be expressed simply as the ratio of the number of X-

ray photons ‘NXp’ generated in a target atom and the number of vacancies ‘VX’ filled up during a 

de-excitation process for particular electronic transitions. The mathematical description of the 

single-hole fluorescence yield is stated by equation 2.23 [17]: 

 
𝜔 =

𝑁𝑋𝑝

𝑉𝑥
 

(2.23) 

   

2.3.4.4. Multiple Ionization effects on the Fluorescence yield. 

Equation 2.23 holds true particularly for proton induced X-ray production. On the other hand, in 

heavy ion collisions where there is Multiple Ionization (MI) wherein one incident ion is able to 

ionize more than one electron, produce multiple vacancies and initiate more than one electron 

transition; the number of X-ray photons emitted thereafter is not confined to one radiative 

transition and is dependent on the type of heavy ion used [11, 26]. This is because heavy ions 

induce a unique set of electronic transitions due to the different number of vacancies that are 

created as the various electron shells are ionized. More ionization events and subsequent X-ray 
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photon emission events will be expected due to impact by a heavier ion as it contains more 

electrons and therefore a higher probability of more complex electron interactions between itself 

and the target atom [18]. The heavier ion at a given energy carries more momentum than the lighter 

ion at the same energy, and hence the interaction potential of the heavier projectile will be higher. 

This also implies a higher effect of the electronic and nuclear stopping power on the heavier ion 

compared to the relatively lighter ion. Taking these effects of Multiple Ionization into account, the 

typical single-hole fluorescence yield described by (2.23.) cannot be assumed for heavy ion-atom 

X-ray radiative interactions. To account for Multiple Ionization effects on the fluorescence yield, 

in the case of K-shell X-rays, an approach by Tanis and co-workers [19] uses the following 

approximation of the fluorescence yield which takes into account X-ray and Auger transition rates:  

 

𝜔𝐾 = 𝜔𝐾
0 ×

[
 
 
 
 

𝜔𝐾
0 + (1 − 𝜔𝐾

0 )

[1 +
𝐼𝐾𝛽
0

𝐼𝐾𝛼
0 ] 𝐵

1 +
𝐼𝐾𝛽
0

𝐼𝐾𝛼
0 𝐴

]
 
 
 
 
−1

 

(2.24) 

where ωK is the modified fluorescence yield, ωK
0 is the single-hole fluorescence yield. 

 

Constants A and B are functions of the V2p and V3p which are the number of 2p and 3p vacancies 

respectively. These are given by: 

𝐴 =
6−𝑉3𝑝

6−𝑉2𝑝
 and 𝐵 = 0.75 × [

𝑅𝐾𝐿𝐿

𝑅𝐴
(1 −

𝑉2𝑝

7
) +

𝑅𝐾𝐿𝑀

𝑅𝐴
(1 −

𝑉3𝑝

8
)] 

where RA, RKLL and RKLM are the total, KLL and KLM Auger transition rates. 

 

2.4 Theoretical X-ray ionization cross sections 

The Plane Wave Born Approximation (PWBA)is one of the first theories to consider inner shell 

ionization and was derived from quantum mechanics. In this theory, the wave function of the 
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projectile is considered to be a Plane Wave (PW) and the emitted electron a hydrogenic wave. The 

theory owes its existence to the Born Approximation (BA). The BA states that the wave function 

of the projectile ion is not deformed by the potential of the target nucleus. Thus the PWBA 

describes a plane wave projectile which is not deformed by the potential of the target nucleus with 

the emission of an electron of a hydrogenic wave [10]. 

Similar to the Binary Encounter Approximation (BEA), the Plane Wave Born Approximation 

(PWBA) has been observed to be largely good in the qualitative sense [2]. In most cases however, 

the PWBA does not successfully reproduce experimental cross sections, especially due to heavier 

projectiles. This is because the PWBA does not correct for effects of coulomb deflection, energy 

loss and perturbation [15, 24]. The theory was seen to be off the mark at relativistic energies. A 

new theory based on the PWBA that corrects PWBA limitations was introduced by Brandt and 

Lapicki in the form of the ECPSSR theory [10]. The ECPSSR theory takes into account the Energy 

loss of the projectile ion (E) due to Coulomb deflection by the target atom (C), the Perturbation 

(P) of the target atom’s electron shells in its Stationary State (SS) and also the Relativistic (R) 

nature of the target atom’s inner electron shells [28]. K-shell cross sections of the theory are 

described by the following equation [10]; 

 𝜎𝐾,𝑖
𝐸𝐶𝑃𝑆𝑆𝑅 = 𝐶𝑠(𝑑𝑞0𝑠)𝐹𝑠(𝑍) × 𝜎𝑖

𝑃𝑊𝐵𝐴(𝑚𝑅(𝜉𝑠)𝜂𝑠, 𝜁𝑠𝜃𝑠) (2.25) 

 

where 𝐶𝑠(𝑑𝑞0𝑠) describes the coulomb deflection, 𝐹𝑠(𝑍) the energy loss correction factor, 

𝑚𝑅(𝜉𝑠)𝜂𝑠 and 𝜁𝑠𝜃𝑠 the relativistic and corrections to the binding energy respectively. These are 

given by; 

 
𝜁𝑠 = 1 + (

2𝑍1

𝑍𝑠𝜗𝑠
) (𝐺𝑠 − 𝐻𝑠) 

(2.26) 
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And 

 𝑚𝑠
𝑅(𝜁𝑠) ≅ √(1 + 𝛽𝑌𝑠

2) + 𝑌𝑠, (2.27) 

which is the relativistic mass. 

 

The ECPSSR theory predicts experimental data relatively well at high energies, or as the ion beam 

energy (i.e. subsequent ion velocity) increases [29], and for collisions where Z1/Z2 <<1. This is 

different from the Semi-Classical Approximation United Atom (SCA-UA) theory, which exhibits 

predictions of higher accuracy for lower energies and fairly agrees with experimental data better 

as the energy decreases [1, 3]. The ECPSSR theory is currently the most widely used of all 

mentioned theoretical approximations. Most theory vs experiment investigations are thus 

comparisons of ECPSSR predictions to experimental data [9, 21, 24, 30].  
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Chapter 3 
 

Experimental setup and data analysis procedure 
 

3.1 Introduction 

Micro-beam facilities are used all over the world for the investigation of atomic and molecular 

compositions of materials. Chapter 3 describes the experimental setup used to conduct PIXE and 

RBS measurements on selected target films for the determination of X-ray production cross 

sections as well as thin film target thicknesses. Furthermore, data acquisition and analysis software 

used to process raw data from the detection systems of the apparatus are discussed. Finally, the 

data analysis procedure used to extract X-ray production cross sections from experimental data is 

explained. 

 

3.2. The Tandem accelerator setup at iThemba LABS (TAMS) 

The Tandem accelerator at iThemba LABS (TAMS) is an electrostatic particle accelerator 

designed to reach a maximum terminal voltage of 6 Mega Volts (MV). The system accelerates 

particles from a SNICS ion source to a positive voltage terminal of the center of the machine and 

out to the various target stations that house a number of Ion Beam Analysis (IBA) techniques such 

as Rutherford Backscattering Spectroscopy (RBS), Particle Induced X-ray Emission (PIXE) 

spectroscopy, Time-of-Flight Heavy Ion Elastic Recoil Detection Analysis (HI-ERDA) and 

Nuclear Reaction Analysis (NRA). The accelerator system also has a Middleton type Cesium 

sputter ion source built through a collaboration between iThemba LABS and the Lawrence 

Livermore National laboratory for the application of Accelerator Mass Spectrometry (AMS) [30]. 

X-ray production cross sectional measurements were conducted through PIXE and RBS 
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measurements on the scanning nuclear microprobe beamline for ion beams originating from the 

SNICS and Duoplasmatron helium ion source. The main components of the accelerator system 

and target end station are described below.  

 

3.2.1. Ion Source 

The Ion source used is an 860C SNICS source which uses Cesium sputtering for the production of 

negative ions [32 - 34]. The source consists of a Cesium reservoir, also referred to as an oven, 

which is used to heat up the solid Cesium metal contained within it. As the reservoir heats up, the 

Cesium metal evaporates into the enclosed vacuum region of the ion source. The gaseous Cesium 

condenses onto a cathode thus referred to as a ‘cold cathode’. Some of the Cesium gas is ionized 

by a heating and ionizing surface (ionizer). As the positively charged Cesium ions are boiled off, 

they are accelerated toward the cold cathode which contains a target powder of a particular material 

(depending on the ion beam required). The interaction between the accelerated positive Cesium 

ions and the powder results in the sputtering of target atoms from the powder by the Cesium ions.  

In this work, graphite and a silver chloride powder was used for the production of MeV Carbon 

and Chlorine ion beams respectively. 

 

The sputtered atoms from the powder material gain electrons as they penetrate through the layer 

of the deposited condensed neutral Cesium on the surface of the cold cathode and hence become 

negative ions. Due to the low KV (Kilo Volt) operational ground potential of the SNICS source 

and the negative potential at the cathode from which atoms are sputtered, the sputtered negative 

ions are accelerated easily out of the source. An extractor positioned at the exit point aperture of 

the source with a positive potential range of 0-25 KV attracts the ion beam from the source. The 
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negative ion beam at this stage is then injected into the accelerator beamline and the Tandem 

accelerator tank [31]. Figure 3.1 shows a schematic diagram of the SNICS ion source highlighting 

the main components: 

 
Figure 3.1 A schematic of the SNICS ion source showing the main parts of the source [33].  

 

3.2.2 High voltage terminal 

The negative ion beam accelerates from the ion source and passes through a series of ion optics 

which use magnetic fields to filter, shape and position the ion beam within the vicinity of the ion 

beam line. The attraction of the beam of negative ions by the positive terminal of the tank is the 

primary acceleration mechanism of the ion beam from the ion source and thus constitutes ion beam 

injection into the accelerator tank. 

3.2.2.1 The Pelletron chain 

The generation of the high positive potential in the accelerator tank is done through the transfer of 

charge by a pelletron chain. This chain consists of conducting metallic pellets connected to each 

other by an insulating medium. The chain is driven and revolves within the accelerator tank [35]. 
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Similar to the Van de Graaff rubber belt of an electrostatic generator used to carry charge from 

one end to the other; a pelletron chain does the same, however with an improved charge collection 

efficiency due to the high conductance of the metallic pellets. The accumulated charge is deposited 

at the center of the tank where a high voltage potential builds up. A series of resistors are used as 

potential dividers in order to enable drawing out for use a selected specific potential instead of the 

maximum 6MV. Nitrogen gas and carbon dioxide (N2 and CO2) are pumped and kept at a pressure 

of 6-12bar in the tank as an insulator medium. This is done to prevent phenomena such as sparking, 

humidity build up, etc [35]. The velocity to which an ion beam is accelerated is dependent on the 

selected terminal voltage and the charge state of the constituent ions of the ion beam (2.6). Figure 

3.2 shows a schematic of a sectional view of the tandem accelerator tank and the components 

mentioned herein: 

 

 

 

z 

Figure FFi 

Figure 3.2. Sectional view of a basic Van de Graaf Tandem accelerator. [35] 

 

3.2.4 Electron Stripping 

Once in the tank, the beam passes through a stripper canal situated at the center of the high voltage 

tank. Therein electron stripping takes place where the negative ion beam is ionized (i.e. ‘stripped’ 

of its electrons). This is due to the direct interaction between the negative ions and the argon gas 
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(maintained at a pressure range of 10-3-10-5 Torr) pumped into the stripper canal. The ion-atom 

collisions between the incident beam of negative ions and the atoms (Ar) of the stripper gas result 

in charge exchange processes between the ions and the atoms respectively [13]. The change in ion 

charge states and the distribution of charge therefore is due to electron-capture and electron-loss 

processes which occur as a consequence of the ion-atom collisions that take place. These processes 

are mathematically described as follows: 

Electron-loss [35] 

 𝑋𝑍
𝑞 → 𝑋𝑍

𝑞+1 + 𝑒− (3.1) 

where on the other hand, the equation that describes electron-capture is described by [35]: 

 𝑋𝑍
𝑞 + 𝑒− → 𝑋𝑍

𝑞−1
 (3.2) 

Overall ion beam stripping therefore is due to multiple events of electron-capture by target atoms 

of the stripper gas and electron-loss by the incident negative ions as a consequence of the 

subsequent ion-atom collisions between the two respective atomic species [36]. The injected beam 

of negative ions originating from the ion source does not carry a uniform and single charge state 

for all constituent negative ions. This is due to a uniform interchange of electrons between the 

Cesium and the target matter from which ions are sputtered during ion beam production [34]. The 

interchange of electrons between the injected beam and the stripper gas during their interaction 

will thus not bear an emergent ion beam of a uniform and singular charge state. The emergent 

mono-elemental positive ion beam therefore is constituted of ions of a number of different charge 

states.   

The ejection of the ion beam from the accelerator Tank follows the stripping of electrons of the 

ion beam where the stripped positive beam is repelled by the positive potential of the terminal. The 
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mechanism of acceleration by a Tandem accelerator is thus of a pull (attraction) and push 

(repulsion) system. 

 

3.2.3 Ion optics 

Ion optics is an essential component of particle acceleration, as it enables the ability to focus, shape 

and steer an ion beam along its path. Ion beams typically emerge from an ion source widely spread 

and divergent. This is because ions are sputtered at the different angles. The mass analyzed ion 

beam undergoes passes through a series of electromagnets useful for beam steering and focusing, 

and slits useful for ion beam shaping. The extent to which an ion beam is focused or steered by an 

electromagnet is dependent on the magnetic field strength the beam experiences from the magnet, 

and the charge state of the projectile ions. The variation of magnetic fields through applied current 

or voltage to the electromagnets allows for a precise selection of the extent to which an ion beam 

is bent or shifted (steering) along its reference axis within the beam line. The force (Lorentz force) 

therefore which is exerted upon a charged particle moving through a region of electric and 

magnetic fields is described by [37]: 

 

𝐹⃑ = 𝑞𝐸⃑⃑ + 𝑞𝑣⃑𝐵⃑⃑ 

(3.3) 

where q is the charge of the projectile ion, v is the ion velocity, E is the electric field strength and 

B the magnetic induction. 

 

The relative spread of the ion beam can be altered (focused or expanded) using ion beam slits or 

Einzel Lens’. This is done along the beamline of the accelerator and also along the target station 

beamline(s). These magnet lenses are used to focus ion beams from the 860C SNICS, 
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Duoplasmatron (He+) and Middleton type AMS Cesium sputter ion source post ion extraction from 

the source. 

 

Bending and selecting Magnets 

A bending magnet is used to bend ion beams along a desired radial trajectory. Also referred to as 

inflection Magnets, bending magnets are essential for selecting which ions should be injected to 

the accelerator tank or to a specific target station. When a charged particle is subject to a magnetic 

field, the charged particle which is perpendicular to the magnetic field moves along a circular path 

of a radius r determined by the momentum p of the particle [37]. This is described by: 

 𝐵 × 𝑟 =
𝑝

𝑞
 

(3.4) 

The product of the radius of the trajectory followed by a charged particle and the magnetic 

induction is called the magnetic rigidity. This is essentially the effect of magnetic fields on the 

motion of charged particles which also describes the resistance of charged particles to magnetic 

fields due to the momentum of the particles. This implies that particles of a higher momentum will 

have a high resistance to deflection due to a magnetic field than ions of lower momentum. 

This indicates that bending magnets can also be used as mass spectrometers, as the radii of the 

circular trajectories of ions moving about a particular magnetic field will not be the same 

depending on the various momentum of the different ions. For heavier ions with consequent higher 

momentum, the trajectory about the magnetic field will follow a larger radial track compared to 

that of a relatively lighter ion. This means that bending magnets can be used to ‘select out’ ions as 

they exit the magnet by having the desired ions bend at a radius that will have them emerge into a 

selected beamline [35, 37]. These type of magnets are called mass analyzing magnets or inflection 
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magnets and are placed at the exit point of the ion source and/or tandem accelerator. As the process 

of ion sputtering at the ion source and also electron stripping in the stripper canal of the tandem 

accelerator tank may exhibit an ion beam constituted by different elements, inflection magnets are 

necessary for selecting out a mono-elemental ion beam to emerge to a particular target station. 

Figure 3.3 illustrates how a bending or inflection magnet is used at the exit point of an accelerator 

tank emerge to a beamline leading to a desired target stations: 

 

Figure 3.3. Schematic diagram of a mass analyzing magnet. [35] 
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3.3 Target stations 

A schematic sketch of the floor view of the Tandem accelerator is shown by Figure 3.4:  

 
Figure 3.4. Layout of the Van de Graaf Tandem accelerator facility at iThemba LABS (TAMS). 

[31] 

 

The Tandem accelerator at iThemba LABS (TAMS) houses three active target stations, namely 

the Heavy Ion Elastics Recoil Detection Analysis (HI-ERDA) and Nuclear Reaction Analysis 

(NRA) beam line, the scanning nuclear microprobe beam line and the Accelerator Mass 

Spectrometry beam line (AMS). There is a fourth IBA target station currently under construction. 

The selection angles for the three IBA target stations are described by the following table: 
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Table 3.1 Selection angles of the switching magnet at the Tandem Accelerator facility (iThemba 

LABS (TAMS)). 

Target Beamline Selection angle (0) 

HI-ERDA, NRA beamline 30 east 

Scanning nuclear microprobe beamline 15 west 

Beamline in construction 0 

 

Measurements to determine heavy ion beam induced X-ray production cross sections were done 

in the scanning nuclear microprobe target chamber, which is described below. 

 

3.3.1 Scanning nuclear microprobe 

Ion beams emergent from the tandem accelerator steered at an angle of 15o west are delivered to 

the scanning nuclear microprobe target station at the end of the beam line. A copper slit is used to 

change the shape of the incident ion beam. Adjustments to the slits are done so as to vary the shape 

and size of the beam using micrometer screw gauge handles that measure the extent to which the 

slits are inserted or extracted from either one of the three ends of entry. The three entry points are 

on the left, right and top ends of the beam line.  

A steering magnet, used to steer the emergent ion beam is mounted after the slits along the 

beamline of the microprobe. A Faraday cup is positioned before entry to the microprobe target 

chamber where it serves a dual function of measuring the ion beam current and also impeding the 

beam from reaching the target chamber. This is useful for ensuring safe levels of beam current for 

PIXE and RBS measurements that are non-destructive to the target material. A scanning magnet 
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is placed at the entry of the target chamber. The scanning magnet is used to cater for the movement 

of ions along the X and Y axes. This is useful for the examination of material surfaces and atomic 

structures. Ion beams can be focused using an electromagnet of a particular number of poles. The 

most commonly used are the Dipole, Quadrupole, the Hexapole and the Octopole which can be 

placed in a particular sequence (i.e. Singlet, doublet, triplets etc.) to meet the attributes of the 

required experimental setup [32]. For the purpose of obtaining microbeams at the scanning nuclear 

microprobe’s target chamber, quadruple triplets are used. Figure 3.5 shows a picture of the 

scanning magnets and quadruple triplets of the scanning nuclear microprobe: 

 

Figure 3.5. Image of the scanning magnets and quadruple triplets of the scanning nuclear 

microprobe. 

 

PIXE and RBS detector setup 

The target chamber is an octagonal steel high vacuum chamber (10-6 Torr) that houses the RBS 

and PIXE detectors. Samples are mounted onto a hexagonal steel sample holder that rotates at 

intervals of 60o and so can hold six large area samples. A charge integrator is connected to the 

sample holder and is used to measure the ion beam current and collected charge. A Si(Li) detector 

(SDD) of solid angle 16msr is used to detect X-ray photons generated from the target sample. It 
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has a nominal resolution of 137eV FWHM at 5.9keV and mounted at an angle of 135o from the 

incident beam direction (0o) and at a distance of 50mm. For our measurements, a 15μm thick Mylar 

filter was placed on top of the 8μm thick Beryllium window of the Si(Li) detector to prevent a high 

influx of backscattered ions into the detector. The number of backscattered ions were counted by 

a Canberra PIPS detector of a solid angle of 46.2 msr at an angle of 150o from the 0o incident angle 

and at a distance of 57 mm away from the target sample. Both the Si(Li) and Canberra PIPS 

detectors were connected to a 0.45V per μC pre-amplifier with a gain of 20mV per MeV and an 

amplifier with a super fine gain of resolution better than 1 in 16000. The Si(Li) detector, connected 

to the first channel (0) of the Analog to Digital Converter (ADC) from the amplifier; and the 

Canberra PIPS detector, connected to the second channel (1) of the ADC from the amplifier were 

both connected to the Multi-Channel Analyzer (MCA) which is in-built to the data acquisition 

system (DAQ). Figures 3.6 and 3.7 Shows a schematic diagram of the detector setup(s) of both the 

Si(Li) and Canberra surface barrier RBS detector. 

 

Figure 3.6. Schematic diagram of an X-ray silicon detector.  

 
Figure 3.7. Schematic diagram of an RBS Canberra surface barrier detector.  
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Figures 3.8 and 3.9 Show images of the motorized sample holder and the two detectors inside the 

chamber respectively. 

 
Figure 3.8. Image of the target material sample holder connected to the motorized handler used 

to move the sample holder on an X- and Y- axis. 

 

Figure 3.9. Image of the scanning nuclear microprobe target chamber. 
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3.4. Data acquisition and analysis software 

3.4.1. OMDAQ 

Oxford Micro-beams Data Acquisition (OMDAQ) 3, a C++ based software, was used for the dual 

acquisition of X-ray and backscattered ion counts signals from the ADC during experimental runs 

[32]. Furthermore, the accumulated ion beam charge from the charge integrator was measured and 

recorded for each experimental run. OMDAQ 3 is also used for the control of the automated 

motorized sample holder which can be adjusted to move in four directions (up, down, left and 

right). OMDAQ also enables a live view of the sample in the chamber though a live video feed 

from a mounted video camera positioned next to a viewing window into the target chamber. Figure 

3.10 Shows the Graphical User Interface (GUI) of a PIXE and RBS spectra acquired through 

OMDAQ. 

 

Figure 3.10. Graphical user interface of OMDAQ showing PIXE (left yellow background 

window) and RBS (right white background window) spectra. 
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The video live feed in OMDAQ is obtained from the following video camera mounted microscope 

from the viewing window of the target chamber of the scanning nuclear microprobe: 

 

 

Figure 3.11. Image of the video camera-microscope mounted target chamber viewer. 

 

3.4.2. SRIM 

Stopping and Ranging of Ions in Matter (SRIM) is a software which is used to simulate the range 

of ions as they are implanted into a material(s) [16]. This takes into account the electronic and 

nuclear stopping powers of target atoms as they collide with incident ions. These energy dependent 

stopping powers are contained in a database hosted by the software for various ion-atom 

interactions. SRIM is therefore useful for predicting how far an ion of a particular energy will 

travel in matter. It is also useful for drawing from its database a table of stopping powers for ion-

atom interactions at a particular energy range. Figure 3.12 Shows a Graphical User Interface of the 

SRIM input window for stopping power calculations and the table of results (output) therefore. 
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Figure 3.12. Graphical User Interface of the SRIM input (left) and output (right) window for 

stopping power calculations. 

  

 

Figure 3.13. Graphical User Interface of the SRIM Trim input window (left) and output window 

(right) for ion ranging in matter. 
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In this work, SRIM was used for calculating stopping powers of heavy ions in matter needed for 

the determination of heavy ion induced X-ray production cross section energy loss corrections, as 

described in chapter 4.  

3.4.3. SIMNRA 

SIMNRA is a data analysis software that uses a database of Rutherford and non-Rutherford 

backscattering cross sections in order to simulate an RBS spectrum of a particular ion-atom 

backscattering interaction [14]. The simulated spectra is then used to overlay/fit over the acquired 

experimental RBS spectrum. The simulated spectra, corrected for the experimental spectra is then 

used to determine parameters such as the target layer thickness and stoichiometry.  

 
Figure 3.14. Graphical User Interface of an RBS spectra analyzed using SIMNRA [Experiment 

for 2MeV He+ in Sn oxide on Mylar]. 

 

In this work, target samples were characterized by RBS using 2MeV He+ ions. Target layer 

thickness and stoichiometry were then obtained through SIMNRA simulation. Results thereof are 

given and discussed in chapter 4. 
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3.5. Physical limitations 

Certain physical limitations were encountered in the measurements carried out for this work. These 

are described hereunder. 

The evaluation of the experimental X-ray production cross section described here relies on the 

accurate knowledge number of number incident ions in terms of the number of backscattered ions 

or the accumulated ion charge and ion charge state (2.3.5.). This evaluation in terms of 

backscattering is possible through dual PIXE and RBS analysis [1]. Although this is possible on 

the scanning nuclear microprobe, the evaluation through ion charge has been observed not to be 

possible. This is mainly due to the inability to get an accurate measurement of charge, possibly 

due to incomplete charge collection from poorly conducting samples. This inhibited the evaluation 

of X-ray production cross sections due to high Z number heavy ion-atom collisions where the 

probability of ion backscattering is too low for the observed backscattering counts to be relied on.  

 

The Van de Graaff Tandem accelerator in practice, operates at a voltage potential range of 800kV-

6MV. This implies a minimum energy of 1.6MeV for proton beams. Although this was sufficient 

for a number of experimental investigations, PIXE and RBS analysis could not be done at low 

energies (keV range) which could have been useful for observing low energy ion-atom interactions 

and consequent ionization mechanisms. 
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3.6 Data analysis procedure 
 

3.6.1 Evaluation of X-ray production cross sections 

The probability of X-ray photon generation in a target atom is described by the X-ray production 

cross section. For inelastic ion collisions, this cross section (measured in barns) describes the 

probability of emission of X-ray photons as an incident projectile ion passes through a particular 

region close to the target atom. This probability is dependent on the energy of the incident 

projectile ion and hence the X-ray production cross section varies as the energy changes for each 

particular projectile ion.  

As the number of X-ray photon yields is given by ionization events due to incident ions, X-ray 

production is directly related to the number of incident ions [1, 2, 21]; 

 
𝑁𝑋 = 𝜎𝑋 ×

𝑁𝑖 × 𝑁𝐴 × 𝜀 × 𝛽 × ∆𝑥

𝐴 × 𝐹(∆𝐸)
 

(3.5) 

In this work this number (Ni) of incident ions in an ion beam was determined through counting the 

number (NB) of backscattered particles detected from the same target material at a certain angle 

[1, 13]; 

 
𝑁𝐵 = 𝑁𝑖 ×

𝜎𝐵 × ∆𝑥 × ∆𝛺

cos (𝛼)
 

(3.6) 

 which gives 

 
𝑁𝑖 =

𝑁𝐵 × cos 𝛼

𝜎𝐵 × ∆𝑥 × ∆𝛺
 

(3.7) 

where NB, σB, ΔΩ = 46.17msr, Δx and α are the number of backscattered ions, the backscattering 

cross section, the detector solid angle, the thickness of the target sample and the exit angle. 

 

Substituting (3.5) into (3.6) gives; 
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𝜎𝑥 =

𝑁𝑋

𝑁𝐵
×

𝐴 × ∆𝛺

𝑁𝐴 × 𝜀 × 𝛽
× 𝜎𝐵 × 𝐹(∆𝐸) 

(3.8) 

For a particular target atom of atomic mass A, and fixed solid angle, the quotient (A.ΔΩ/NA.βε) 

will remain constant from one incident ion to the next. This quotient constitutes a non-changing 

parameter (K-factor) described by equation 3.8: 

 
𝐾 =

𝐴 × ∆𝛺

𝑁𝐴 × 𝛽 × 𝜀
=

𝑁𝐵

𝑁𝑋
×

𝜎𝑋

𝜎𝐵
 

(3.9) 

From this, the X-ray production cross section is defined: 

 
𝜎𝑥 =

𝑁𝑋

𝑁𝐵
× 𝐾 × 𝜎𝐵 × 𝐹(∆𝐸) 

(3.10) 

It must be emphasized that equation 3.9 assumes that the X-ray attenuation coefficient β and the 

detection efficiency ε, which both are energy dependent, are not affected by the incident ion. 

 

3.6.1.1 Heavy ion induced X-ray production cross sections 

X-ray yields due to heavy ions are known to be higher than due to light ions such as protons due 

to the MI effect [38]. In other words, ionization due to the same number of light and heavy ions 

would result in higher emissions for heavy ion induced reactions. 

The approach used in this work to determine heavy ion induced X-ray production cross sections 

was to compare X-ray yields due to 2MeV protons and heavy ions under the same experimental 

conditions. The comparison of X-ray yields due to heavy and light ions, to compare the X-ray 

production cross section, must therefore be based on the same number of incident ions. Since the 

number of incident ions in an ion beam are determined from the number of backscattered ions, NB 

in equation 3.9 has to be normalized to the same number of incident ions. 
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The normalization factor for backscattered heavy ions is given by the following equation [21]: 

 
𝑛𝑓 =

𝑁𝑖(𝑝)

𝑁𝑖(𝐻𝐼)
 

(3.11) 

Substituting 3.6 for protons and heavy ions gives: 

 
𝑛𝑓 =

𝑁𝐵(𝑝)

𝑁𝐵(𝐻𝐼)
×

𝜎𝐵(𝐻𝐼)

𝜎𝐵(𝑝)
 

(3.12) 

nf is then calculated using NB counts from raw RBS spectra and σB values from SIMNRA 

calculations. Combining equations 3.9 and 3.11, the ratio of heavy ion to proton X-ray production 

cross sections gives: 

 
𝜎𝑥(𝐻𝐼) =

𝜎𝑥(𝑝)

𝑁𝑥(𝑝)
× 𝑁𝑥(𝐻𝐼) × 𝑛𝑓 

(3.13) 

The normalization correction factor nf is calculated separately for every set of ion-atom 

interactions (i.e. for every X-ray yield gathered due to a particular energetic ion beam). 

An alternative method for determining σX is through the accumulated beam charge Q. The number 

of incident ions is then determined in terms of ion charge given by: 

 
𝑁𝑖 =

𝑄

𝑛 × 𝑒
 

(3.14) 

This is substituted into the backscattering cross section equation: 

 
𝜎𝐵 =

𝑁𝐵

𝑁𝑖 × ∆𝛺 × ∆𝑥
 

(3.15) 

To produce: 

 
𝜎𝐵 =

𝑁𝐵 × 𝑛 × 𝑒

𝑄 × ∆𝛺 × ∆𝑥
 

(3.16) 
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By substituting equation (2.36.) into equation (2.27.), the X-ray production cross section is 

described in terms of the charge of the ion: 

 
𝜎𝑋 =

𝑁𝑋

𝑄
×

𝐴 × 𝑛 × 𝑒

𝜀 × 𝛽 × ∆𝑥 × 𝑁𝐴
 

(3.17) 

This method was, however, not pursued because of inaccuracies associated with measurements of 

charge incident on samples that are only partially conductive such as the metallic oxide films used 

in this work. 

 

 

3.6.2 Energy loss correction factor F(∆E) 

For relatively thick target materials, the incident ion loses its energy as it penetrates the target [16]. 

Due to the energy dependency of the X-ray production cross section, the energy loss of an incident 

ion leads to variations in the X-ray production cross section due to ions of a range of different 

energies from the initial ion energy. Due to this effect, the approach described above for calculating 

experimental X-ray production cross sections cannot be used as is for thick targets. To account for 

the energy loss effect on the X-ray production cross section, a correction factor (F(E)) has to be 

introduced. 

The loss of energy by an ion in thick targets is due to the nuclear and electronic stopping of the 

target and is described by [16]: 

 
𝑆(𝐸) = −

𝑑𝐸

𝑑𝑥
 

(3.18) 

where the negative sign signifies that energy decreases as the ion path increases. Rearranging and 

integrating both sides of equation 3.17 gives: 
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∫ 𝑑𝑥

𝐸𝑖

𝐸𝑓

= ∆𝑥 = ∫
1

𝑆(𝐸)

𝐸𝑖

𝐸𝑓

𝑑𝐸 
(3.19) 

where Δx is the target thickness, Ei is the initial ion beam energy and Ef is the ion beam exit energy. 

 

The correction factor F(E) is described as the ratio of the measured X-ray production cross section 

σm to the X-ray production cross section at the initial energy of the incident ion: 

 

𝐹(∆𝐸) =
(
𝑑𝜎
𝑑𝛺

)
𝑚

𝑑𝜎
𝑑𝛺𝐸𝑖

=
𝜎𝑚

𝜎𝑖
 

(3.20) 

where the measured X-ray production cross section taking into account the energy change from 

the initial energy Ei to the final exit energy Ef is given by [39]: 

 

(
𝑑𝜎

𝑑𝛺
)
𝑚

=
∫

𝑑𝜃
𝑑𝛺

(𝐸, 𝜃)

𝑆(𝐸)
𝐸𝑖

𝐸𝑓
𝑑𝐸

∫
1

𝑆(𝐸)
𝑑𝐸

𝐸𝑖

𝐸𝑓

 

(3.21) 

Therefore: 

 

𝐹(∆𝐸) =

1
𝑑𝜎
𝑑𝛺(𝐸𝑖)

× ∫

𝑑𝜃
𝑑𝛺

(𝐸, 𝜃)

𝑆(𝐸)
𝐸𝑖

𝐸𝑓
𝑑𝐸

∫
1

𝑆(𝐸)
𝑑𝐸

𝐸𝑖

𝐸𝑓

 

(3.22) 

which therefore implies: 

 

𝐹(∆𝐸) =
1

∆𝑥 ×
𝑑𝜎
𝑑𝛺(𝐸𝑖)

× ∫

𝑑𝜎
𝑑𝛺

(𝐸, 𝜃)

𝑆(𝐸)

𝐸𝑖

𝐸𝑓

𝑑𝐸 

(3.23) 

Or 
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𝐹(∆𝐸) =

1

∆𝑥 × 𝜎𝑖
× ∫

𝜎(𝐸)

𝑆(𝐸)
𝑑𝐸

𝐸𝑖

𝐸𝑓

 
(3.24) 

From this equation, the quotient of the X-ray production cross section σ(E) and the stopping power 

S(E) is a function of ion energy f(E). The integral can therefore be solved by using Simpson’s rule 

[39]: 

 
∫ 𝑓(𝐸)𝑑𝐸

𝐸𝑖

𝐸𝑓

=
𝐸𝑖 − 𝐸𝑓

6
× [𝑓(𝐸𝑖) + 𝑓(𝐸𝑓) + 4𝑓 (

𝐸𝑖 + 𝐸𝑓

2
)] 

(3.25) 

The energy loss correction factor is therefore described by equation 3.25: 

 

𝐹(∆𝐸) =
1

∆𝑥 × 𝜎𝑖
×

[
 
 
 
 
𝐸𝑖 − 𝐸𝑓

6
× [

𝜎𝑖(𝐸𝑖)

𝑆(𝐸𝑖)
+

𝜎𝑖(𝐸𝑓)

𝑆(𝐸𝑓)
+ 4 [

𝜎𝑖(
𝐸𝑓 + 𝐸𝑖

2
⁄ )

𝑆(
𝐸𝑓 + 𝐸𝑖

2
⁄ )

]]

]
 
 
 
 

 

(3.26) 

 

Exit Energy 

For evaluation of F(E), the exit energy is determined through equation (3.19): 

 
∆𝑥 = ∫

1

𝑆(𝐸)

𝐸𝑖

𝐸𝑓

𝑑𝐸 
(3.19) 

This requires that the thickness of the target be known accurately, hence the RBS characterization 

described in chapter 4. 

From equation 3.19, a polynomial fit can be made for the inverse of stopping powers 1/S (from 

the SRIM database) against ion energies E for an estimated energy interval (Ei-Ef). Based on this, 

the inverse of total stopping powers is a function of energy described by: 

 
ℎ(𝐸) =

1

𝑆(𝐸)
 

(3.27) 
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Thus the target thickness is given by: 

 
∆𝑥 = ∫ ℎ(𝐸)𝑑𝐸 = 𝑔(𝐸𝑖) − 𝑔(𝐸𝑓)

𝐸𝑖

𝐸𝑓

 
(3.28) 

where g(E) is the integral of the function h(E). This can be re-arranged so that: 

 𝑔(𝐸𝑖) − ∆𝑥 = 𝐶 = 𝑔(𝐸𝑓) (3.29) 

As the thickness of the target and the function g(Ei) at the known incident energy Ei are well 

defined, the algebraic expression on the left-hand side does not change and hence is a constant ‘C’. 

From this arrangement one can write: 

 𝐶 − 𝑔(𝐸𝑓) = 0 (3.30) 

 

To solve for Ef, a function Y(E) is defined; 

 𝑌(𝐸) = 𝐶 − 𝑔(𝐸) (3.31) 

 

where Y(Ef)=0. 

 

The exit energy Ef is then obtained from a plot of Y(E) vs E, i.e. the energy axis intercept is equal 

to Ef. Figure 3.15 shows an illustrative plot of Y(E) against ion energy to determine the ion exit 

energy: 
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Figure 3.15. Exit energy plot illustration. 

 

For the target samples used in this work (see chapter 4), the proton energy loss was less than 2%, 

to an extent that the energy loss correction factor for protons Fp(E) was practically equal to one. 

For the heavier ions, 12C and 35Cl, the correction had to be made. And so the assumption made in 

equation 3.9 was considered not to be valid. Therefore the final equation used for the evaluation 

of heavy ion induced X-ray production cross sections was, from equation 3.12: 

 
𝜎𝑋(𝐻𝐼) =

𝑁𝑋(𝐻𝐼)

𝑁𝑋(𝑝)
× 𝑛𝑓(𝐻𝐼) ×

𝜀𝑝

𝜀𝐻𝐼
× 𝐹𝐻𝐼(∆𝐸) × 𝜎𝑋(𝑝) 

(3.32) 

where the ratio 
𝜀𝑝

𝜀𝐻𝐼
 corrects for changes in the X-ray detection efficiency due MI effects. 
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Chapter 4 

Experimental results and discussion 
 

4.1 Introduction 

In this chapter, the experimental results obtained are presented and discussed. The results include 

thickness determination of the target samples used and also report on the calculations of the X-ray 

production cross sections in oxides of V, Zr and Sn due to protons, carbon and chlorine MeV ion 

beams. X-ray production cross section results are discussed in comparison to theoretical PWBA 

and ECPSSR approximations.  

 

4.2 Target samples and thickness determination 
  

4.2.1 Target material samples 

The target samples used for Heavy ion induced X-ray production cross section measurements were 

Vanadium, Zirconium and Tin metal oxide films deposited separately on Mylar (Polyethylene 

terephthalate) using electron beam thin film vapor deposition. Samples were purchased from 

Sigma-Aldrich in the form of 1cm diameter discs mounted on ring shaped Perspex frames. This 

section presents measurement of the thickness of the thin film oxides used, for the purpose of 

determining the energy loss correction factors for heavy ion induced X-ray production cross 

sections as described in chapter 3. SIMNRA by Dr.Matej Mayer from the Max-Planck-Institut für 

Plasmaphysik, Germany was used to analyze RBS data for the determination of target material 

thicknesses [14]. 

4.2.2 RBS thickness measurement 

2MeV He+ ion beams were used to conduct Rutherford Backscattering Spectroscopy (RBS) 

measurements on the selected metal oxide samples. These measurements were done on the 
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scanning nuclear microprobe at iThemba LABS (TAMS) under high vacuum conditions (10-6 torr). 

The backscattered He+ ions were counted using a surface barrier Canberra PIPS detector positioned 

at an angle of 150o from the 0o incident beam angle, for a counting period of about 30 minutes in 

order to attain reliable statistics.  

 

Energy calibration 

The default spectra of SIMNRA describes counts versus channel numbers. In order to calibrate the 

spectra in terms of the number of backscattered particles verses energy, samples of known 

elements with known elemental energy peaks were used. From these, the channel numbers of the 

respective element peaks from the individual sample spectrums where recorded. Samples of V, Zr 

and Sn oxide films on Mylar, as well as TaN on Si were used. Table 4.1 shows the surface energy, 

calculated by SIMNRA [14], for each element in the calibration sample and the corresponding 

peak channel number. 

Table 4.1 Energy calibration table of values. 

Element Channel number (#) Surface Energy (KeV) 

V 332 1490.74 

Zr 343 1697.72 

Sn 346 1763.43 

Ta 350 1841.50 

 

A plot of ion backscattering energy (obtained from SIMNRA kinematic calculations) against 

corresponding peak channel numbers gives a straight line fit that is used to define the calibration 
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parameters for the SIMNRA spectra. Figure 4.1 shows the calibration plot for 2.0 MeV He+ ions 

in V, Zr, Sn and Ta: 

 
Figure 4.1 Energy per channel Calibration plot using Origin 8 pro. 

 

The calibration plot in figure 4.1 shows a linear relationship between energy and channels. For the 

data shown here, the energy calibration parameters are;  

Slope (energy per channel) = 5.63 KeV/ch  and intercept (energy offset) = - 18.9 KeV 

From this, the calibration of the SIMNRA spectra is established using the slope of the graph as the 

energy per channel and the intercept, which describes the calibration offset (in KeV). These 

parameters are then used in the simulation of an experimental RBS spectrum for different 

sequential runs under the same experimental condition. 
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4.2.3. RBS spectra analysis 

This section describes data analysis for thickness evaluation of the various thin films along with 

their stoichiometry. Figure 4.2 shows simulated and experimental calibrated spectra for 2.0 MeV 

He+ on the vanadium oxide sample: 

 
Figure 4.2 Simulated and experimental RBS spectra for 2.0 MeV He+ in Vanadium oxide. 

 

Where the peak on the far right represents helium ions backscattered from vanadium atoms in the 

metallic oxide layer. The peaks on the left describe the backscattered helium ions due to oxygen 

atoms in the oxide layer and the mylar, and carbon atoms from the Mylar (C8H10O4) substrate. It 

should be pointed out that there is no peak corresponding to hydrogen atoms because the 

kinematics of the 4He+-1H atom collision forbid 4He+ to backscatter from 1H. In the simulation 

therefore, the hydrogen content in mylar is assumed to be the natural stoichiometric amount. 

The simulated fit does not perfectly match the experimental fit due to inherent limitations in 

experimental conditions such as the poor resolution of the detector, and relative energy spread of 

the incident ion beam. Other limitations may include straggling and stopping force inaccuracies. 

The spectrum fitted however is fairly accurate in approximating the experimental spectrum and 

therefore the fit parameters can be used to determine the thickness of the target film. The thickness 
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of the sample in SIMNRA is given in areal units of atoms/cm2. Table (4.1.) gives the thickness 

and average stochiometry for all the three films measured. 

Figures 4.3 and 4.4 show RBS spectra for Zr and Sn due to 2 MeV He+ ion beams; 

 
Figure 4.3 Simulated and experimental RBS spectra for 2.0 MeV He+ in Zirconium oxide. 

 

It should be pointed out that the spikes on the left hand side of the zirconium peak are experimental 

artifacts which may have occurred during data acquisition. These however do not affect, in any 

way, the accuracy of the results obtained from this spectra which are therefore considered valid. 

 

 
Figure 4.4 Simulated and experimental RBS spectra for 2.0 MeV He+ in Tin oxide. 
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Table 4.2. Target thin film thickess in atoms/cm2 obtained from SIMNRA. 

Thin Film n Δx (1e15 atoms/cm2) 

Vanadium oxide (VnO1-n) 0.40 1638 

Zircornium oxide (ZrnO1-n) 0.43 1180 

Tin oxide (SnnO1-n) 0.49 915 

 

 

4.1.3 Thickness uncertainty 

The main contributors to uncertainty in the measurement of film thickness using RBS are stopping 

force of He ions in the films at 3.1% [14]; RBS detector resolution (ΔE) ≈1%, SIMNRA code 

accuracy 0.83% [14], and layer thickness inhomogeneity estimated at ≈1% (ΔT). 

The combined uncertainty estimate for the measured layer thickness is then given by; 

 ∆𝑋(%) = √(∆𝑆)2 + (∆𝐸)2 + (∆𝐶)2 + (∆𝑇)2±
= 3.5% (4.1) 

The thickness of thin films inclusive of uncertainty to measurement is given by the table below: 

 

Table 4.3. Target thin film thickness inclusive of uncertainty in atoms/cm2. 

Thin film n ∆x (1e15 atoms/cm2) 

VnO1-n 0.4 1638 ± 57 

ZrnO1-n 0.43 1180 ± 41 

SnnO1-n 0.49 915 ± 32 
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4.2. X-ray peak analysis 

The data acquisition system, OMDAQ, was used to sort signals from detected X-rays according to 

the amplitude of generated voltage pulses, which in turn depends on the energy of the X-ray. The 

same was done for backscattered ions. The acquired X-ray yields and backscattered ions were then 

determined using the peak integration function of OMDAQ which incorporates background 

subtraction under each peak. 

4.3. X-ray production cross section evaluation 

X-ray yields were acquired from the scanning nuclear microprobe for proton, helium, carbon and 

chlorine based ion-atom collisions. These were conducted at ion energies of 0.1-1.0 MeV/u. For 

the purpose of investigating the effect of ion mass on the X-ray production cross section, an 

exploratory evaluation of X-ray yields due to proton and carbon ion beams at 1.0 MeV/u and 2.0 

MeV/u respectively was conducted. These are shown in the following figure: 

 
Figure 4.5 H+ and 12C3+ ion induced K-shell X-ray yields in Vanadium at 1.0 and 2.0 MeV/u ion 

energies. 
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From figure 4.5, the incident projectile is seen to have an effect of increasing the X-ray production 

cross section as the mass of the projectile increases. This is seen to be the case even though the 

energy per unit mass (or the velocity) of the 12C ions is much less than that of protons. This is 

possibly due to a larger electronic screening effect of the target atom on the incident carbon 

projectiles. This effect may thus result in radiative multiple ionization events as the electron cloud 

of the incident ion interacts with that of the target atom, hence causing increase in the fluorescence 

yield and subsequent number of X-ray photons. This phenomena was also observed by Msimanga 

et.al [3] for silicon ion beams on Tantalum. The influence of ion mass and velocity on X-ray yield 

is also observed in Figure 4.6 [3]: 

 

 
Figure 4.6 2.0 MeV H+ and 10 – 20 MeV Si induced L-shell X-ray yields in Ta. [3] 
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For a specific projectile ion, the effect of energy on the X-ray yields is exemplified in the following 

figure: 

 
Figure 4.7 12C2+ and 12C3+ ion induced K-shell X-ray yields in V at 6 - 12MeV ion energies. 

 

 

Figure 4.7 shows a clear substantial increase in the X-ray yield due to carbon ions as the velocity 

of the ions increases. This implies a higher ionization cross section. This may be due to an 

increasing probability of ion interaction with the electron cloud of the target atom. The data 

gathered in figures (4.5), (4.6) and observations made in (4.7) suggests that as the velocity of the 

incident ions increases so does the probability of ion interaction with the target electrons that 

results in direct ionizations. An increasing velocity also leads to increasing radiative electron 

capture probabilities which result in the production of X-ray photons.  

 

The X-ray production cross sections are evaluated in terms of the number of incident ions which 

are measured through the observation of the number of X-ray photons and backscattered counts 

(chapter 3, 3.6). This is given by Equation (3.8) which evaluates the proton induced X-ray 

production cross section as follows: 



63 

 

 
𝜎𝑥 =

𝑁𝑋

𝑁𝐵
×

𝐴 × ∆𝛺

𝑁𝐴 × 𝜀 × 𝛽
× 𝜎𝐵 

(3.8) 

As the values of the experimental parameters remain the same for each ion-target atom 

combination, the following ratio of parameters may be considered to be a constant, K, as described 

in equation 3.9 in chapter 3. 

 
𝐾 =

𝐴 × ∆𝛺

𝑁𝐴 × 𝜀 × 𝛽
=

𝑁𝐵

𝑁𝑋
×

𝜎𝑋

𝜎𝐵
 

(3.9) 

The following table gives the K-factors for V, Zr and Sn due to 2MeV proton beams: 

Table 4.4. Target element(s) proton induced K-factor(s). 

Target Element K-factor 

V 57.6 

Zr 136.6 

Sn 84.2 

 

These K-Factors where determined using the following values described table 4.5: 

Table 4.5 Experimental and physical parameters used for the determination of proton based K-

factors. 

Target elements NXp NBp σXp (b) σBp (mb) 

V 132833 9313 161.498 196.41 

Zr 161594 10390 1259.87 593.28 

Sn 137545 20920 512.532 925.99 

The proton induced X-ray production cross section σx(p) was obtained from the ERCS08 code 

[28], and the proton backscattering cross section σB(p) was obtained from calculations by the 

SIMNRA code [14]. 
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4.3.1. Carbon induced X-ray production cross section evaluation 

From the constituent physical parameters of the respective K-factors, the heavy ion induced X-ray 

production cross section can be determined. This incorporates the incident ion correction factor as 

described in chapter 3 (section 3.6) and thus the carbon ion induced X-ray production cross section, 

is according to equation (3.10) in chapter 3, given by: 

 
𝜎𝑥(𝐶) = 𝐾 ×

𝑁𝑥(𝐶)

𝑁𝐵(𝐶)
× 𝜎𝐵(𝐶) 

(4.2) 

The carbon induced X-ray production cross sections measured under the same experimental 

conditions as the proton beam measurements, for Vanadium (V), Zirconium (Zr) and Tin (Sn) are 

then described by equations (4.3), (4.4) and (4.5) respectively: 

 

 
𝜎𝑥(𝐶, 𝑉) = (57.6) ×

𝑁𝑥(𝐶, 𝑉)

𝑁𝐵(𝐶, 𝑉)
× 𝜎𝐵(𝐶, 𝑉) 

(4.3) 

 

 
𝜎𝑥(𝐶, 𝑍𝑟) = (136.6) ×

𝑁𝑥(𝐶, 𝑍𝑟)

𝑁𝐵(𝐶, 𝑍𝑟)
× 𝜎𝐵(𝐶, 𝑍𝑟) 

(4.4) 

 

 
𝜎𝑥(𝐶, 𝑆𝑛) = (84.2) ×

𝑁𝑥(𝐶, 𝑆𝑛)

𝑁𝐵(𝐶, 𝑆𝑛)
× 𝜎𝐵(𝐶, 𝑆𝑛) 

(4.5) 

By applying these equations for the various ion-atom combinations, varying incident ion energies 

and K factors, the following results were obtained: 
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Carbon in Vanadium: K = 57.4 

Table 4.6 4 – 12 MeV Carbon induced K-shell X-ray production cross sections in Vanadium. 

Energy 

(MeV) 

NX(C) NB(C) σB (mb) σX (C, V) (b) 

4.00 1025.00 36730.00 1592.00 2.53 

6.00 3619.00 8077.00 709.47 18.07 

8.00 12154.00 4246.00 399.55 65.05 

10.00 33703.00 3407.00 255.89 143.98 

12.00 94190.00 2527.00 177.78 377.52 

 

 

Carbon in Zirconium: K = 136.6 

Table 4.7 4 – 12 MeV Carbon induced L-shell X-ray production cross sections in Zirconium. 

Energy (MeV) NX(C) NB(C) σB (mb) Experimental σx 

(C, Zr) (b) 

4.00 196671.00 139357.00 5132.90 1009.85 

6.00 174224.00 16158.00 2291.00 3413.40 

8.00 240575.00 6158.00 1291.40 6974.98 

10.00 624706.00 5426.00 827.57 13176.94 

12.00 341422.00 1536.00 575.19 17693.83 
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Carbon on Tin: K = 84.2 

Table 4.8 4 – 12 MeV Carbon induced L-shell X-ray production cross sections in Tin.  

Energy (MeV) NX (C) NB (C) σB (mb) σX (C, Sn) (b) 

4.00 28659.00 104360.00 8091.20 185.57 

6.00 60750.00 37212.00 3615.90 492.26 

8.00 81402.00 12835.00 2039.50 1081.26 

10.00 190619.00 9615.00 1307.40 2165.24 

12.00 259779.00 4963.00 908.94 3979.29 

 

 

4.3.2. Chlorine induced X-ray production cross sectional evaluation 

 

Chlorine ion beam induced X-ray production cross sections in Zr and Sn were evaluated using 

equation (3.10) from chapter 3: 

 
𝜎𝑥(𝐶𝑙) = 𝐾 ×

𝑁𝑥(𝐶𝑙)

𝑁𝐵(𝐶𝑙)
× 𝜎𝐵(𝐶𝑙) 

(4.6) 

Similarly, the Chlorine induced X-ray production cross sections measured under the same 

experimental conditions as the proton beam measurements for Zirconium (Zr) and Tin (Sn) are 

described by equations (4.7) and (4.8) respectively: 

 
𝜎𝑥(𝐶𝑙, 𝑍𝑟) = (136.6) ×

𝑁𝑥(𝐶𝑙, 𝑍𝑟)

𝑁𝐵(𝐶𝑙, 𝑍𝑟)
× 𝜎𝐵(𝐶𝑙, 𝑍𝑟) 

(4.7) 

 

 
𝜎𝑥(𝐶𝑙, 𝑆𝑛) = (84.2) ×

𝑁𝑥(𝐶𝑙, 𝑆𝑛)

𝑁𝐵(𝐶𝑙, 𝑆𝑛)
× 𝜎𝐵(𝐶𝑙, 𝑆𝑛) 

(4.8) 
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The physical parameters used for cross section evaluation of the different chlorine-atom 

interactions are given in the following table: 

H+ on Zr 

Table 4.9 Proton induced X-ray photon and ion backscattering counts. 

Energy 

(MeV) 

NX (p) NB (p) σX (p) (b) σB (p) (mb) K-factor 

2.00 164927.00 10890.00 1259.87 593.28 136.60 

 

Cl on Zr: K = 136.6 

Table 4.10 7 – 35 MeV Chlorine induced X-ray production cross sections in Zirconium. 

Energy (MeV) NX(Cl) NB(Cl) σB(Cl) (mb) σx (Cl, Zr) (b) 

7.00 95991.00 10619.00 10334.71 13099.28 

14.00 968966.00 11726.00 2619.77 30354.56 

21.00 59895.00 247.00 1169.76 39773.38 

28.00 65985.00 103.00 659.52 59243.15 

35.00 104349.00 87.00 422.68 71085.80 
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H+ on Sn 

Table 4.11 Proton induced Sn X-ray photon and backscattering counts 

Energy NX (p) NB (p) σX(p) (b) σB (p) (mb) K-factor 

2 165236 28253 512.532 925.99 84.2 

 

Cl on Sn 

Table 4.12 7 – 35 MeV Chlorine induced L-shell X-ray production cross sections in Tin. 

Energy NX (Cl) NB (Cl) σB (Cl) (mb) σx (Cl, Zr) (b) 

7.00 99024.00 46102.00 18098.15 3679.00 

14.00 390370.00 14763.00 4602.13 11516.89 

21.00 74253 793.00 2057.08 18229.16 

28.00 67961.00 299.00 1160.41 24961.73 

35.00 64043.00 136.00 743.94 33154.71 

 

 

 

4.4. Corrections to experimental cross sections 

4.4.1 X-ray detection efficiency correction factor (Fε) 

As mentioned in chapter 2, the detection efficiency describes the extent to which an X-ray detector 

detects X-ray photons [21]. This parameter εx can be determined using equation 4.12, derived from 

equations 3.5 and 3.7 of chapter 3 as described below; 

 
𝑁𝑋 = 𝜎𝑋 ×

𝑁𝑖 × 𝑁𝐴 × 𝜀𝑥 × 𝛽 × ∆𝑥′

𝐴 × 𝐹(𝐸)
 

(3.5) 
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𝑁𝑖 =

𝑁𝐵 × cos 𝛼

𝜎𝐵 × ∆𝑥 × ∆𝛺
 

(3.7) 

 

It should be noted that the target thickness (∆x) in equation 3.5 is not of the same units (g/cm2) as 

that in equation 3.7 (Atoms/cm2). The thicknesses do not therefore simply cancel each other out. 

To convert both thicknesses to the same unit (cm), the thickness in 3.5 and 3.7 should be divided 

by the atomic and mass densities respectively. This can be expressed as; 

 ∆𝑥

𝜌𝐴𝑡𝑚
=

∆𝑥′

𝜌𝑚
= 𝑐𝑚 

(4.9) 

In essence; 

 ∆𝑥

∆𝑥′
=

𝜌𝐴𝑡𝑚

𝜌𝑚
 

(4.10) 

Thus; 

 ∆𝑥

𝜌𝐴𝑡𝑚
×

𝜌𝑚

∆𝑥′
= 1 

(4.11) 

Therefore; 

 
𝜀𝑥 =

𝑁𝑋𝑝

𝑁𝐵𝑝
×

𝜎𝐵𝑝

𝜎𝑋𝑝
×

𝐴

𝑁𝐴
×

∆Ω𝐵

𝛽
×

𝜌𝐴𝑡𝑚

𝜌𝑚
 

(4.12) 

Where ρAtm and ρm are obtained from the SRIM database (see Appendix A). 

Due to the observed clear X-ray characteristic energy shift that occurs due to an increasing 

projectile mass (as observed in figures (4.5) and (4.6)), the detection efficiency of X-ray photons 

at new heavy ion induced characteristic energies cannot be assumed to be the same as that of 

known X-ray characteristic energies due to proton ion beams. In order to compensate for the 

change in detection efficiencies, an evaluation of the variation of detection efficiency against 

characteristic energies has to be made. 
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Table 4.13 Table of proton induced X-ray detection efficiencies. 

X-ray line E(KeV) Nx(p) NB(p) σB(p) (mb) σX(p) (b) εxp 

V-Kα 4.95 13283.00 9313.00 196.41 161.50 0.00132 

Zr-Lα 2.04 161594.00 10390.00 593.28 1259.87 0.00061 

Sn-Lα 3.44 137545.00 20920.00 925.99 512.53 0.00087 

 

 
Figure 4.8. Detection efficiencies for V, Zr, and Sn due to 2MeV H+ ion beams. 

 

The polynomial trend equation was used for the determination of detection efficiencies at heavy 

ion characteristic X-ray energies:  

 𝜀 = (3.49625 × 10−5)𝐸2 + (2.6914 × 10−6)𝐸 + (4.5001 × 10−4) 

 

(4.13) 
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Carbon and chlorine induced X-ray detection efficiencies were calculated and are given in tables 

4.14 and 4.15 below: 

Table 4.14 Carbon induced X-ray detection efficiencies. 

X-ray line 12Cq+ induced 

X-ray energy  

ε
Xp 

ε
XC 

Fε(C) 

(
ε

Xp/
 ε

XC) 

V-Kα 5.2665 0.00132 0.00143 0.949 

Zr-Lα 2.0610 0.00061 0.000604 1.030 

Sn-Lα 3.5665 0.00084 0.000904 0.965 

 

Table 4.15 Chlorine induced X-ray detection efficiencies. 

X-ray line 35Clq+ induced 

X-ray energy  

ε
Xp 

ε
XCl 

Fε(Cl)  

(
ε

Xp/
 ε

XCl) 

Zr-Lα 2.080 0.000610 0.000607 1.020 

Sn-Lα 3.578 0.000840 0.000907 0.962 

 

 

4.4.2 Energy loss correction factor (FΔE) 

The variation of ion energies as the projectile ions penetrates a certain thickness in the material 

sample implies a changing X-ray production cross section (as it is energy dependent). In order to 

correct for the effects of ion energy loss on the X-ray production cross section, the following 

energy loss correction factor is implemented for all ion-atom combinations reported herein [39]: 
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𝐹∆𝐸 =
1

∆𝑥 × 𝜎𝑖
×

[
 
 
 
 
𝐸𝑖 − 𝐸𝑓

6
× [

𝜎𝑖(𝐸𝑖)

𝑆(𝐸)𝐸𝑖
+

𝜎𝑖(𝐸𝑓)

𝑆(𝐸)𝐸𝑓
+ 4 [

𝜎𝑖(
𝐸𝑓 + 𝐸𝑖

2⁄ )

𝑆(𝐸)
(
𝐸𝑓+𝐸𝑖

2⁄ )

]]

]
 
 
 
 

 

(3.26) 

 

As this correction factor is dependent on energy, the final exit energy of the incident ion is 

determined using the following function (see chapter 3, section 3.6.2.1): 

 𝑌(𝐸) = 𝐶 − 𝐺(𝐸) (3.31) 

Tables of Y(E) for various heavy ion-atom combinations with their respective incident energies 

are given in appendix B. These values were fitted against the respective variable energy values 

that describe the integral of the inverse stopping power g(E). As the exit energy is obtained at the 

X-intercept of the fit (Y(E) =0), logarithmic fits were made for each plot attained where trend 

equations were then used to determine the exit energy. This was done by solving for the value of 

E of the trend equations at the point Y(E) = 0, calculated using Mathcad 5. An example of this is 

illustrated by the energy loss analysis of 4 MeV carbon ions in Vanadium. The obtained Y(E) 

values are given by table (4.16): 

Table 4.16. Energy loss analysis for 4 MeV carbon in Vanadium for exit energy determination.  

Energy Y(E) 

5 -0.00065 

4 2.16E-05 

3 -0.00499 

2 -0.02625 

1 -0.11155 
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The exit energy plot for C in V is given by: 

 
Figure 4.9. Inverse stopping powers versus ion energy 

 

From this, the exit energy can easily be calculated using the logarithmic trend-line equation. The 

intercept of the energy axis of the plot is the exit energy (at Y(E) = 0), therefore solving for E at 

Y(E) = 0 gives the exit energy. Tables of the inverse-stopping powers against respective energies 

for the determination of ion exit energies are given in Appendix B. From these, the exit energies 

are given in appendix C of this dissertation. 

 

A plot of S(E) (electronic and nuclear stopping powers) vs ion Energies was made, where S(E) 

values were obtained from SRIM. A 5 order polynomial fit was conducted in order to better model 

the observed data trend. The polynomial trend equations were then used to determine stopping 

powers at exit energies, for input into the energy loss correction factor.  

 

While a much more economical way of determining stopping powers at exit energies would be to 

use SRIM, this was not possible due to the software’s inherent inability of producing stopping 

powers at exact energy inputs. SRIM Stopping powers where produced at rounded energy values, 

which in some cases saw the corresponding energy values being far off the mark from the actual 
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exit energies. The code in this case was seen to be unreliable. The calculated polynomial equations 

therefore were used to approximate SRIM stopping powers, where exact exit energy values could 

be inputted in order to produce correlating stopping powers. 

 

These equations were computed using Mathcad 5 where the functions are the stopping powers and 

the values of x are the energy inputs. Figure 4.10 shows a Graphical User Interface of Mathcad 5: 

 
Figure 4.10. Graphical User Interface of Mathcad 5 used for the calculation of stopping powers 

at exit energies. 

 

The polynomial trend equations used for the determination of stopping powers at exit energies for 

12Cq+ in V (4.14), Zr (4.15), Sn (4.16) and 35Clq+ in Zr (4.17) and Sn (4.18) are as follows: 

                                                                                                                                            (4.14) 

V_C x( ) 0.0569 x
4

  2.1909 x
3

  30.87 x
2

  152.77 x( ) 1348.6  

                                                                                                                                             (4.15) 

Zr_C x( ) 1.4365 x
2

  8.5486 x( ) 1489.1  

                                                                                                                                             (4.16) 

Sn_C x( ) 0.0465 x
4

  1.8381 x
3

  27.307 x
2

  158.59 x( ) 1012.2  
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                                                                                                                                             (4.17) 

Zr_Cl x( ) 0.0062 x
4

  0.6924 x
3

  29.441 x
2

  564.49 x( ) 649.31  

                                                                                                                                            (4.18) 

Sn_Cl x( ) 0.1223 x
3

  10.807 x
2

  325.55 x( ) 1342.3  

 

4.5. Corrected Heavy ion induced X-ray production cross section 

Heavy ion induced X-ray production cross sections with effected correction factors are given by: 

 
𝜎𝑥(𝐶𝑙) = 𝐾 ×

𝑁𝑥(𝐻𝐼)

𝑁𝐵(𝐻𝐼)
× 𝜎𝐵(𝐻𝐼) × 𝐹𝜀𝑥 × 𝐹∆𝐸 

(4.19) 

4.5.1. Carbon-ions energy loss corrections 

Table (4.17) describes carbon ion beams’ exit energies at 4 - 12 MeV due to V, Zr and Sn metal 

oxide films: 

Cq+ Exit Energies 

Table 4.17 Table of 4 – 12 MeV Carbon ion exit energies. 

Energy (MeV) V Zr Sn 

4.00 3.63 3.66 3.73 

6.00 5.64 5.67 5.72 

8.00 7.66 7.69 7.73 

10.00 9.67 9.71 9.74 

12.00 11.69 11.72 11.74 
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Table (4.18) describes energy loss percentages for carbon ion beams at 4-12 MeV due to V, Zr and 

Sn metal oxide thin films 

Table 4.18. Carbon ion energy loss percentages in V, Zr and Sn at 4 – 12 MeV. 

Energy (MeV) V Zr Sn 

4.0 9.2% 8.3% 6.9% 

6.0 6.0% 5.5% 4.6% 

8.0 4.3% 3.9% 3.4% 

10.0 3.3% 2.9% 2.6% 

12.0 2.6% 2.3% 2.1% 

 

 

Figure 4.11 describes carbon ion beam energy loss in V, Zr and Sn due to target element nuclear 

and electronic stopping powers. 

 

Figure 4.11. Carbon ion beam energy loss percentage in V, Zr and Sn. 
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Theoretical cross sections are used in equation 3.26 (for σ(E)) for all carbon-atom combinations 

and are calculated from fits to the ECPSSR theory, obtained using the ERCS08 code [28]. This is 

because, for a narrow energy range (such as Ei - Ef), theoretical data deviates from experiment by 

a constant factor but the energy dependency (or trend) is the same. This constant factor cancels out 

in equation 3.26. So the use of the ECPSSR based fit is justified. Table (4.19) describes energy 

loss correction factors for V, Zr and Sn due to 4-12MeV Cq+ ion beams: 

 

Cq+ Energy loss correction factors (F∆E) 

Table 4.19. Energy loss correction factors for carbon induced X-ray production cross sections in 

V, Zr and Sn. 

Energy (MeV) V Zr Sn 

4.00 0.77 0.88 0.89 

6.00 0.88 0.92 0.94 

8.00 0.91 0.94 0.95 

10.00 0.93 0.96 0.96 

12.00 0.95 0.97 0.97 

 

 

4.5.1.1 Carbon Projectiles 

 

The corrected X-ray production cross sections for 4-12MeV 12Cq+ in V, Zr and Sn are given in the 

following tables, compared with PWBA and ECPSSR predictions: 
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12Cq+ in V 

Table 4.20. Experimental X-ray production cross sections in V due to 4-12 MeV Carbon ion 

beams. (Corrected) 

Energy (MeV) σX(raw) σX(corrected) PWBA (b) ECPSSR (b) 

4.00 2.53 1.94 99.65 4.29 

6.00 18.07 15.85 327.56 26.10 

8.00 65.05 59.24 702.76 90.20 

10.00 143.98 134.54 1207.95 226.18 

12.00 377.52 358.64 1816.18 459.99 

 

 

12Cq+ in Zr 

Table 4.21. Experimental X-ray production cross sections in Zr due to 4-12 MeV Carbon ion 

beams. (Corrected) 

Energy (MeV) σX(raw) σX(corrected) PWBA(b) ECPSSR (b) 

4.00 1009.85 910.16 3580.46 565.99 

6.00 3413.40 3220.33 7876.43 1956.30 

8.00 6974.98 6713.61 12934.52 4449.98 

10.00 13176.94 12842.51 18169.76 7892.68 

12.00 17693.83 17576.24 23248.24 11994.02 
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12Cq+ in Sn 

Table 4.22. Experimental X-ray production cross sections in Sn due to 4-12 MeV Carbon ion 

beams. 

Energy (MeV) σX(raw) σX(corrected) PWBA (b) ECPSSR (b) 

4.00 185.57 165.20 545.74 115.94 

6.00 492.26 463.35 1773.73 373.83 

8.00 1081.26 1032.04 3260.15 855.91 

10.00 2165.24 2092.01 5079.79 1638.91 

12.00 3979.29 3883.14 7135.34 2697.92 

 

Ionization cross sections of the classical, modified PWBA and basic ECPSSR theory and the 

electron capture corrected ECPSSR theory were obtained from an ERCS08 code. These cross 

sections were converted to the X-ray production cross section using known fluorescence yields 

suggested by Campbell et.al [20]. The total K- and L-shell Ionization cross sections obtained from 

the ECRS08 code where converted to X-ray production cross sections using the following equation 

where 𝜎𝑖
𝑋 , 𝜎𝑖

𝐼 and 𝜔𝐾 are the total X-ray production cross sections at the I shell, the total ionization 

cross section at the I shell and the total fluorescence yields [6].  

 
𝜎𝑖

𝐾 = 𝜎𝑖
𝐼 × 𝜔𝐾

𝑅𝐾𝑝

𝑅𝐾
 

(4.20) 

 

Where RKp and RK are the photon emission rates for a particular peak and the total K-shell 

respectively. 

 𝜎𝐿𝑡𝑜𝑡𝑎𝑙
𝑋 = 𝜔𝐿 × 𝜎𝐿𝑡𝑜𝑡𝑎𝑙

𝐼  (4.21) 
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The comparisons between experiment and theory for carbon induced X-ray production cross 

sections are given by the following figures (4.12), (4.13) and (4.14): 

 
Figure 4.12. Experimental Carbon induced X-ray production cross sections in V against the 

PWBA and the ECPSSR theory. (Corrected) 

 

 
Figure 4.13. Experimental Carbon induced X-ray production cross sections in Zr against the 

PWBA and the ECPSSR theory. (Corrected) 
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Figure 4.14. Experimental Carbon induced X-ray production cross sections in Sn against the 

PWBA and the ECPSSR theory. (Corrected) 

 

4.5.2. Chlorine-ions energy loss corrections 

Table (4.23) describes energy loss for carbon ion beams at 4-12 MeV due to V, Zr and Sn metal 

oxide films: 

35Clq+ Exit Energies 

Table 4.23 7 – 35 MeV Chlorine ion exit energies in Zirconium and Tin. 

Energy (MeV) Zr Sn 

7.00 6.21 6.34 

14.00 12.96 13.13 

21.00 19.89 20.05 

28.00 26.89 27.02 

35.00 33.90 34.00 
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Table (4.24) describes energy loss percentages of 7-35 Cl ion beams due to collisions with Zr and 

Sn metal oxide thin films. 

Table 4.24 Chlorine ion energy loss percentages in Zr and Sn. 

Energy (MeV) Zr Sn 

7.0 11.3% 9.4% 

14.0 7.4% 6.2% 

21.0 5.3% 4.5% 

28.0 4.0% 3.5% 

35.0 3.1% 2.8% 

 

Figure 4.15 describes the loss of chlorine ion beam energy (%) in Zr and Sn due to target stopping 

powers: 

 

Figure 4.15. Chlorine ion beam energy loss percentage in Zr and Sn. 
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Theoretical cross sections implemented for all carbon-atom combinations are from the ECPSSR 

theory, obtained using the ERCS08 code [28]. This is because of the observed low discrepancy 

between the theory and experiment for carbon induced ionization and consequent X-ray production 

cross sections observed in figures (4.12), (4.13) and (4.14). A high discrepancy between the 

ECPSSR theory and experiment for chlorine-atom interactions was observed. The PWBA in this 

case agrees fairly well with experiment. Theoretical cross sections implemented for all chlorine-

atom combinations are therefore from the PWBA, obtained using the ERCS08 code [28]. Table 

(4.25) describes energy loss correction factors for Zr and Sn due to 7-35MeV 35Clq+ ion beams: 

 

 

Clq+ Energy loss correction factors: 

Table 4.25 Chlorine induced X-ray production cross sectional energy loss correction factors in 

Zirconium and Tin. 

Energy (MeV) Zr Sn 

7.00 0.91 0.89 

14.00 0.94 0.94 

21.00 0.96 0.95 

28.00 0.97 0.97 

35.00 0.97 0.98 
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The corrected X-ray production cross sections for 7 – 35 MeV 35Clq+ in Zr and Sn are described 

by the following tables: 

35Clq+ in Zr 

Table 4.26 Experimental X-ray production cross sections in Zr due to 7 – 35 MeV Chlorine ion 

beams. (Corrected) 

Energy (MeV) σX(raw) (b) σX(corrected) (b) PWBA (b) ECPSSR (b) 

7.00 13296.10 12043.52 9522.32 19.66 

14.00 30354.56 28836.65 41510.40 651.12 

21.00 39773.38 38568.78 87334.63 4575.03 

28.00 59243.15 58174.37 137686.01 15110.24 

35.00 71085.80 70121.56 186858.90 34246.31 

 

 

35Clq+ in Sn 

Table 4.27 Experimental X-ray production cross sections in Sn due to 4-12 MeV Chlorine ion 

beams. (Corrected) 

Energy (MeV) σX(raw) (b) σX(corrected) (b) PWBA (b) ECPSSR (b) 

7.00 3678.99 3291.90 1531.51 4.69 

14.00 11516.89 10894.39 8675.68 94.74 

21.00 18229.16 17459.43 21070.26 552.35 

28.00 24961.73 24279.23 37740.93 1926.45 

35.00 33154.71 32498.79 57366.44 4759.12 
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The comparisons between experiment and theory for chlorine induced X-ray production cross 

sections are given by the following figures (4.16) and (4.17): 

 
Figure 4.16. Experimental Chlorine induced X-ray production cross sections in Zr against the 

PWBA and the ECPSSR theory. 

 

 
Figure 4.17. Experimental Chlorine induced X-ray production cross sections in Sn against the 

PWBA and the ECPSSR theory. 
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4.6. Discussion 

K-shell X-ray production cross sections 

K-shell X-ray production cross sections in Vanadium induced by carbon ion beams were 

successfully measured and presented in figure (4.15). The ECPSSR theory was seen to agree fairly 

well with experimental data although slight overestimation of experimental data was observed. 

The discrepancy between theory and experiment is seen to decrease as the ion energy increases, as 

shown in figure 4.18. 

 
Figure 4.18. Carbon in vanadium experiment/theory ratios. 

 

While the ECPSSR theory works for this particular collision system, the PWBA was seen to 

overestimate experimental data by over an order of magnitude throughout the whole energy range 

studied, rendering the theory unreliable. The agreement by the ECPSSR theory is due to the 

relatively low projectile ion mass such that the ratio Z1/Z2 categorizes the carbon-vanadium 

collision as asymmetric [11].  

Experimental data for K-shell X-ray production cross sections in vanadium due to carbon ion 

beams were not found in literature for comparison with data presented in this dissertation. 
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However, comparisons of experimental cross sections to the PWBA and ECPSSR theories in 

similar carbon - vanadium (Z1/Z2) collision system by Msimanga and co-workers detail similar 

trends for K-shell cross sections in Titanium due to carbon ion beams [21]. In their work, the 

Experiment/theory ratio for ECPSSR predictions and experimental data ranges from 0.49 at 6 MeV 

to 0.9 at 12 MeV. 

 

L-shell X-ray production cross sections 

The magnitude of discrepancy was seen to decrease as the energy of the incident ion beam 

increased for both theories; and the ECPSSR theory became fairly reliable at higher ion beam 

energies. Observed L-shell X-ray yields in both Zr and Sn due to carbon ions suggest an evident 

increase in MI and electron capture effects as the target mass increases [21]. This is attested to by 

relatively higher L-shell X-ray energy shifts for Zr and Sn respectively. While the X-ray 

production cross section in zirconium and tin significantly increase due to these effects, the 

ECPSSR theory, although following the same trend, was seen to underestimate data for both 

zirconium and tin targets. The discrepancy between experiment and the ECPSSR theory in the case 

of Zr due to carbon projectiles is described by the variation in the ratio σExpt/ σTheory from 1.61 to 

1.47. Similarly, for Sn the ratio varies from 1.425 to 1.44. This is shown in figure 4.19 below: 
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Figure 4.19. Carbon in zirconium and tin experiment/theory ratios. 

 

The theory’s predictive accuracy of experimental L-shell cross sections in zirconium was seen to 

range between 62 – 68 %, while higher values for tin based cross sections due to carbon ranged 

between 89 - 97%. The relatively better predictive accuracy of the ECPSSR theory for C-Sn 

collisions is due to the large mass difference between the two. The collision that takes place in this 

instance is similar to that of a binary encounter, where MI effects due to the carbon projectile 

(which is relatively light) are minute.  

 

Larger discrepancies for chlorine based interactions were observed to be the case between 

experiment and the ECPSSR theory, especially at lower energies. The predictive accuracy of the 

ECPSSR theory for Zr ranged between 612.59 - 2.05 (σExperiment/σTheory) from low to high energies 

respectively; as well as 701.90 – 6.83 from low to high energies for Sn cross sections respectively. 

This is shown in figure 4.20 below; 
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Figure 4.20. Chlorine in zirconium and tin experiment/theory ratios. 

 

The poor predictive accuracy by the ECPSSR theory at low ion beam energies suggests that a 

mechanism unaccounted for by the theory is highly at play. With heavier projectiles, Multiple 

Ionization can be induced at lower energies [11, 18]. This in effect causes an increase in ionization 

probabilities which leads to the emission of multiple X-ray photons even at low energies, hence 

an increased X-ray production cross section.  

 

The PWBA was seen to agree fairly well with chlorine based experimental data. This agreement 

was seen to be higher for Sn L-shell cross sections due chlorine ion beams. The PWBA, which 

describes the collision between the ion and projectile as a binary encounter, has not been corrected 

for any of the mechanisms that take place during a heavy ion-atom collision (i.e. energy loss, 

electron capture or electronic system perturbation). A disagreement between the theory and 

experiment is highly expected, which is not the case for chlorine based interactions. A plausible 

reason to this is that both experiment and theory seem to agree by coincidence. This coincidental 
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agreement seems to arise due to the PWBA’s typical overestimation which seems to agree with 

cross sections that have increased due to increase MI effects. The increased agreement between 

the PWBA and experimental Sn cross sections occurs due to increased MI effects due to chlorine 

as Sn has a much bigger electron cloud than Zr. The ‘reducing’ discrepancy by the PWBA as both 

the projectile mass and target mass increases suggests that the PWBA will most likely 

underestimate experimental data just as the ECPSSR theory for higher than chlorine projectiles. 

This, according to the mentioned observation, would be the case for targets heavier than Sn, using 

MeV chlorine ion beams.  

 

Carbon based data was observed to cover a wide cross section power range (e.g. 101 - 105 barns) 

while in the case of chlorine beams the experimental cross section range was fixed between at least 

two to three powers (e.g. 103 – 105). The ECPSSR theory was seen to consistently follow a similar 

trend as that due to lighter ion beams (i.e. wider cross section power range). Higher X-ray 

production cross sections observed in either Zr or Sn due to Cl compared to carbon ion beams 

suggested increased X-ray production in the target atoms due to increased MI effects as the target 

mass increased. This is because of the vast number of electronic interactions that take play during 

encounters with larger projectile masses. 

Large discrepancies between theory and experiment in chlorine-target atom collisions suggest that 

minor changes were effected by the ECPSSR theory’s inherent corrections for deviations where 

the charge of the projectile is not a point charge and is slower than target electrons. The fair 

agreement between the ECPSSR theory and carbon induced cross sections compared to the PWBA 

indicated that the ECPSSR’s corrections were successfully effected. This is because of the 

relatively low mass of carbon compared to chlorine. The ECPSSR theory is seen not to account 
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for heavy ion-atom interactions. This is because the theory is designed to correct for changes where 

the projectile ion remains a light ion and thus the encounter between the projectile and the target 

atom is considered a binary encounter [10]. On the contrary, interactions due to heavier ions are 

quasi-molecular, where the ionization of the target atom is not only due to direct ionization nor 

electron capture alone, but also through the interaction of the electron clouds of both the projectile 

and target. This then leads to increased ionizations of both the projectile and target atom, hence an 

increased X-ray production cross section. It is because of the ECPSSR theory’s foundation on the 

binary encounter instead of the quasi-molecular encounter [9, 10], that the inherent corrections of 

the theory do not account for effects such as Multiple Ionization [9], which has been seen to greatly 

affect the extent to which X-ray are produced from a target atom, and thus the X-ray production 

cross section.  
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Chapter 5 

Summary and Conclusion 
 

 

The implementation of heavy ion PIXE depends on a rich database of reliable physical parameters 

such as ionization and X-ray production cross sections. Publicly available theoretical ionization 

cross section codes based on the PWBA and ECPSSR theories have been known to be fairly 

accurate for proton cross section predictions. While this is the case, it has unfortunately not been 

the case for heavy ion-atom interactions. The principal aim therefore, of the work presented in this 

dissertation, was to contribute towards the improvement of Heavy Ion PIXE through the 

measurement and provision of MeV carbon and chlorine induced X-ray production cross sections 

in metal oxide targets. This data can be used for the improvement and/or development of new 

empirical codes for the approximation of ionization and X-ray production cross sections. 

 

Data presented in this work has shown that both the PWBA and ECPSSR theory based cross 

sections cannot simply be extrapolated for heavy ion induced interactions. While carbon based 

interactions show a fair agreement between experiment and theory; the increasing discrepancy as 

the mass of the projectile increases attests to the suggestion that the preferred ECPSSR theory 

cannot be relied upon for heavier projectiles either. It has been shown in chapter 4 that the inherent 

corrections of the ECPSSR theory work well for relatively light projectiles, as seen in the case of 

carbon based interactions. These corrections however bear little effect for heavy ion based 

collisions. 

 

Results have indicated that heavy ion induced collisions are subject to MI effects. The extent of 

MI has been seen to increase with increasing projectile and target mass for heavy ion based 
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interactions. This has suggested that the type of interaction that takes place during heavy ion-atom 

collisions is within the context of a quasi-molecule, due to the high electronic interaction between 

the projectile and the target atom. As both the PWBA and ECPSSR theory are based on the binary 

encounter; they do not describe heavy ion based interactions well.  

 

These findings suggest modifications to existing theories such as the ECPSSR theory by 

incorporating mechanisms induced by heavy ion projectiles, such as MI and also special Coster-

Kronig and Auger transitions. In addition to this, a modification to existing heavy ion induced 

fluorescence yields used for the conversion of ionization to X-ray production cross sections is 

needed. This indicates that much more work is needed to be done in terms of experimental X-ray 

production and ionization cross sections, along with fluorescence yields. A suggested theory that 

would better describe heavy ion based interactions is the Molecular Orbital Theory (MOT) [7, 11, 

21, 40], as it describes the heavy projectile-target collision as a quasi-molecule. A new model 

based on this theory would be best suited for heavy ion cross section predictions. 

 

However, for the implementation of both classical PIXE and HI-PIXE, an improvement to an 

existing theoretical model with sufficient experimental support and an inherent integration of both 

the binary encounter and MOT would be a better suitable model.  

Future work in this project should aim to extend the range of projectile and target masses, and to 

compare heavy ion induced X-ray production cross sections to formulations based on MOT theory 

calculations. 
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Appendix A: Physical parameters 
 

Table A1. Table of target element physical parameters 

Element Z A (g/mol) 𝝆𝑨𝒕𝒎 (𝒂𝒕𝒐𝒎𝒔
/𝒄𝒎𝟑) 

𝝆𝒎(𝒈/𝒄𝒎𝟑) 

V 23 50.942 6.51 × 1022 3.240 

Zr 40 91.224 4.49 × 1022 3.604 

Sn 50 118.710 3.90 × 1022 4.300 

 

 

Constants: 

 
𝑁𝐴 = 6.023 × 1023

atoms 

 

∆Ω = 0.04617 𝑠𝑟 
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Appendix B: Tables of inverse-stopping powers against respective 

variable energies for the determination of ion exit energies 
 

4-12 MeV Carbon induced in Vanadium: 

Table B1. Y(E) values for Carbon in Vanadium exit energy determinations. 

E 4MeV V E 8MeV V E 12 MeV V 

5 -0.00065 9 -0.0053519 13 -0.006069 

4 2.16E-05 8 1.91E-05 12 -1.78E-05 

3 -0.00499 7 0.0049939 11 0.0060031 

2 -0.02625 6 0.0093104 10 0.0117712 

1 -0.11155 5 0.0124498 9 0.017438 

E 6MeV V E 10 MeV V 
 

  

8 -0.00931 11 -0.0057405 
 

  

7 -0.00433 10 2.761E-05 
 

  

6 -1.7E-05 9 0.0056944 
 

  

5 0.003123 8 0.0110654 
 

  

4 0.003796 7 0.0160402 
 

  

3 -0.00121 6 0.0203567     

 

4-12 MeV Carbon induced in Zirconium: 

Table B2. Y(E) values for Carbon in Zirconium exit energy determinations. 

E 4MeV Zr E 8MeV Zr E 12MeV Zr 

5 0.000588 9 -0.009193 13 -0.009001 

4 -5E-06 8 -4.56E-05 12 3.2035E-05 

3 -0.01141 7 0.0084223 11 0.00922684 

2 -0.04833 6 0.0155572 10 0.01863843 

1 -0.16975 5 0.0200265 9 0.02798246 

E 6MeV Zr E 10MeV Zr 
 

  

8 -0.01563 11 -0.009436 
 

  

7 -0.00716 10 -2.42E-05 
 

  

6 -2.3E-05 9 0.0093198 
 

  

5 0.004446 8 0.0184671 
 

  

4 0.003853 7 0.0269351 
 

  

3 -0.00755 6 0.03407     
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4-12 MeV Carbon induced in Tin: 

Table B3. Y(E) values for Carbon in Tin exit energy determinations. 

E 4MeV Sn E 8MeV Sn E 12MeV Sn 

5 0.005032 9 -0.0046351 13 -0.006742 

4 -2.98E-06 8 2.781E-06 12 -1.92E-05 

3 -0.014898 7 0.0036595 11 0.0063319 

2 -0.056624 6 0.0058081 10 0.0123371 

1 -0.209498 5 0.0054841 9 0.0177109 

E 6MeV Sn E 10MeV Sn 
 

  

8 -0.005795 11 -0.0059491 
 

  

7 -0.002139 10 5.606E-05 
 

  

6 1.01E-05 9 0.0054299 
 

  

5 -0.000314 8 0.0100678 
 

  

4 -0.005349 7 0.0137245 
 

  

3 -0.020244 6 0.0158731     

 

 

7 – 35 MeV Chlorine induced in Zirconium: 

Table B4. Y(E) values for Chlorine in Zirconium exit energy determinations. 

E 7MeV Zr E  21MeV Zr E 35MeV Zr 

8 0.0085339 23 0.00038454 36 -0.0001653 

7 -2.66E-06 20 -0.0003807 35 -8.797E-07 

6 -0.011372 18 -0.0014868 33 0.00040872 

5 -0.026835 17 -0.0022978 30 0.00065935 

4 -0.048449 16 -0.0032919 28 0.00091076 

E 14MeV Zr E 28MeV Zr 
 

  

15 0.001581 30 8.074E-05 
 

  

14 7.279E-07 28 9.981E-05 
 

  

13 -0.001913 25 -0.0001909 
 

  

12 -0.004394 23 -0.0009561 
 

  

11 -0.007503 20 -0.0020622     

 

7 – 35 MeV Chlorine induced in Tin: 

Table B5. Y(E) values for Chlorine in Tin exit energy determinations. 

E 7MeV Sn E 21MeV Sn E 35MeV Sn 

8 0.01033277 23 0.001286715 36 0.00012565 

7 5.387E-06 20 -0.001310932 35 2.4194E-06 
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6 -0.0135281 18 -0.004075729 33 -0.0004898 

5 -0.0319999 17 -0.005756232 30 -0.0012148 

4 -0.058472 16 -0.007693171 28 -0.0022377 

E 14MeV Sn E 28MeV Sn 
 

  

15 0.00260234 30 -0.000212692 
 

  

14 2.1906E-06 28 -0.001619161 
 

  

13 -0.0030563 25 -0.003521285 
 

  

12 -0.0066667 23 -0.006118932 
 

  

11 -0.0109822 20 -0.008883729     
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Appendix C: Tables for the determination of energy loss corrections 

factors 
 

Stopping powers at initial ion energies: 

Table C1. S(E) values for carbon in V, Zr and Sn at initial ion energies. 

S(E)  (keV/micron)     

Carbon V Zr Sn 

4 1591.445 1426.227 1315.333 

6 1553.462 1398.322 1317.409 

8 1483.934 1325.833 1283.906 

10 1411.602 1251.522 1240.586 

12 1343.372 1184.307 1195.364 

Table C2. S(E) values for chlorine in Zr and Sn at initial ion energies. 

Chlorine Zr Sn 

7 3380.71 3131.02 

14 4442.78 4127.7 

21 4722.885 4530.605 

28 4750.03 4680.63 

35 4694.859 4740.37 
 

Ion exit energies: 

 

Table C3. S(E) Carbon and Chlorine ion exit energies. 

  Exit Energy     

Carbon V Zr Sn 

4 3.71078909 3.666525308 3.733842367 

6 5.71769168 5.673049943 5.733422289 

8 7.7303269 7.689999031 7.740201621 

10 9.74347169 9.707374132 9.748967423 

12 11.755871 11.72309007 11.75811809 

Chlorine V Zr Sn 

7 0 6.209535911 6.366438103 

14 0 12.96120695 13.16475991 
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21 0 19.89571392 20.08323208 

28 0 26.88936699 27.05287452 

35 0 33.90226685 34.04078613 

Stopping powers at ion exit energies: 

Table C4. S(E) values for carbon and chlorine in V, Zr and Sn at ion exit energies. 

Stopping powers at exit energies 

V Zr Sn 

1591.314 1438.45 1310.072 

1563.694 1394.378 1320.087 

1496.391 1338.42 1289.396 

1422.652 1271.94 1246.259 

1353.277 1191.474 1201.065 

V Zr Sn 

0 3175.728 3003.565 

0 4352.476 4030.847 

0 4707.846 4510.836 

0 4761.529 4661.239 

0 4738.047 4725.054 

 (Ef+Ei)/2 ion energies: 

 

Table C5. Carbon and Chlorine (Ef+Ei/2) energies. 

Ei+Ef/2     

V Zr Sn 

3.855394544 3.833263 3.866921184 

5.85884584 5.836525 5.866711144 

7.86516345 7.845 7.87010081 

9.871735843 9.853687 9.874483711 

11.87793551 11.86155 11.87905905 

V Zr Sn 

0 6.604768 6.683219052 

0 13.4806 13.58237995 

0 20.44786 20.54161604 

0 27.44468 27.52643726 

0 34.45113 34.52039307 
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Stopping powers at (Ef+Ei/2) ion energies: 

Table C6. S(E) values for carbon and chlorine in V, Zr and Sn at (Ef+Ei/2) energies. 

  Stopping powers at Ei+Ef/2   

  V Zr Sn 

4 1591.724 1435.226 1312.921 

6 1558.677 1390.275 1318.858 

8 1490.085 1333.632 1286.678 

10 1416.906 1265.392 1243.38 

12 1347.939 1185.595 1198.093 

        

7 0 3280.947 3069.464 

14 0 4400.204 4075.228 

21 0 4718.02 4528.951 

28 0 4761.897 4665.663 

35 0 4731.642 4732.862 
 

The energy loss correction factor (broken into sections): 

              
 

  
 

A B   C     

              
              
              
              

              
 

Table ‘A’ values of the energy loss correction factor: 

Table C7. A values for the determination of energy loss correction factors. 

  V Zr Sn 

  A (1/distance x theor.cross sections) 

4 1.28238504 0.0075564 0.042624912 

6 0.21084812 0.0021862 0.013219732 

8 0.0610057 0.0009611 0.005773892 

10 0.02432849 0.0005419 0.003015377 
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12 0.01196268 0.0003566 0.001831756 

        

7 0 0.0004491 0.003226836 

14 0 0.000103 0.000569631 

21 0 4.897E-05 0.000234545 

28 0 3.106E-05 0.000130944 

35 0 2.289E-05 8.61467E-05 

Table ‘B’ values of the energy loss correction factor: 

 

Table C8. B values for the determination of energy loss correction factors. 

  V Zr Sn 

  B (Ei-Ef)/6     

4 48.20181878 55.57911537 44.35960543 

6 47.05138651 54.49167613 44.42961853 

8 44.94551665 51.66682812 43.29972985 

10 42.75471901 48.77097799 41.83876285 

12 40.68816308 46.15165425 40.3136509 

        

7   131.7440149 105.5936495 

14   173.1321747 139.2066825 

21   184.0476799 152.7946536 

28   185.1055024 157.8542468 

35   182.9555253 159.8689783 

 

Table ‘C’ values of the energy loss correction factor: 

Table C9. C values for the determination of energy loss correction factors. 

  V Zr Sn 

  C (measured XP-CS on S(E) ) 

4 0.012386 2.103402 0.468392 

6 0.08831 7.762175 1.594327 

8 0.331724 18.99869 3.798119 

10 0.897197 36.14622 7.618906 

12 1.949209 59.16243 13.14662 

        

7 0 15.32954 2.616162 
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14 0 52.54252 11.88438 

21 0 106.1477 26.62506 

28 0 168.4905 46.87941 

35 0 232.4064 70.9057 

 

Energy loss correction factor = 𝐴 × 𝐵 × 𝐶 

Table of energy loss correction factors: 

Table C10. Energy loss correction factors for carbon and chlorine ion beams in V, Zr and Sn. 

  

Energy loss 

correction 

factors F     

  V Zr Sn 

4 0.76562934 0.88338664 0.885646434 

6 0.876094782 0.92470645 0.936424246 

8 0.909565437 0.94341595 0.949560088 

10 0.933225772 0.95526881 0.961198633 

12 0.948756995 0.97363071 0.970809169 

        

7 0 0.90707472 0.891413964 

14 0 0.9372545 0.942388162 

21 0 0.95670969 0.954169894 

28 0 0.96879234 0.968997428 

35 0 0.97320788 0.976526897 
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