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Background 

The accurate knowledge of the inelastic electron processes in ion-atom 

collisions has a significant importance in various scientific fields, such 

as, particle beam therapy [1,2], modelling and diagnosing fusion plasmas 

within tokamak reactors, and studying atomic and molecular structures 

[3]. 

Among the inelastic electron processes, ionisation is especially important 

in the study of fusion plasma, particularly in the study of magnetically 

confined fusion plasma within tokamaks. The distribution and 

concentration of excited impurity ions in fusion plasma influence the 

profiles of the plasma edge. In order to provide an accurate evaluation of 

plasma parameters, a diagnostic approach involving the injection of a 

high-speed particle beam into the plasma edge is employed, which lead 

to a high spatiotemporal resolution [4]. 

The collision of the injected particle beam with plasma components 

provides an insight into the profiles of the plasma edge by generating 

emission lines. However, the stability of these confinement systems can 

be compromised, leading to plasma disruptions characterized by rapid 

losses of magnetic and thermal energy, i.e., thermal quench [5,6]. 

Effective disruption mitigation strategies [7,8] are vital for ensuring the 

safe and dependable operation of fusion reactors. 
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Disruption mitigation involves various approaches, including the 

injection of significant gas quantities into the plasma to expedite cooling 

and quenching. While effective, this process introduces notable 

impurities into the plasma [9]. Noble gases and various methods [7,8,10–

12] have been proposed for disruption mitigation, considering 

differences in mass, ionization, and reflection coefficients of noble gas 

particles at the plasma boundary [13]. 

Gas injection in tokamaks also plays a vital role in plasma diagnostics. 

Alkali beams, such as lithium and sodium, have proven invaluable for 

measuring plasma turbulence and electron density profiles, especially 

within the scrape-off layer and plasma edge [14,15]. 

Various high-energy beams, including hydrogen isotopes and helium, 

serve dual purposes in heating fusion plasma and diagnostic processes 

within tokamak reactors [4,16–18]. Nitrogen seeding is another strategy 

aimed at cooling the edge plasma within tokamak reactors [19]. 

In the pursuit of improved magnetic fusion plasma performance and 

enhanced protection for plasma-facing components, fusion experiments 

have explored the use of liquid lithium [20]. Lithium's reactivity leads to 

ionization, resulting in collisions with neutral atoms at the plasma's edge. 

A significant study by Wolfrum et al. [21] explored sodium as an 

alternative diagnostic beam to lithium, citing advantages such as a lower 
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emitter temperature and a larger charge exchange cross-section in 

collisions involving helium and carbon impurities. 

To achieve accurate diagnostics and effective regulation of plasma in 

proximity to tokamak reactor walls, a deep understanding of the cross-

sectional properties of collision systems within the edge plasma is 

imperative. Precise cross-sectional data acquisition is pivotal in 

simulating and regulating the plasma effectively. 

The applied method 

During my PhD study, the classical trajectory Monte Carlo model 

(CTMC) [22,23] was used to investigate collision systems related to 

fusion plasma. The CTMC method is as a non-perturbed method, enables 

the consideration of all interactions among particles within the system. 

Moreover, it allows for the simultaneous calculation of all reaction 

channels. To analyse collisions effectively, the collision system is 

reduced to a three-body problem, employing a Garvey-type distance-

dependent model potential [24]. This reduction combines the bound 

electrons and the core of the projectile ion as a single object, a procedure 

similarly applied to the target atom. In the target, the active electron of 

the target is considered as one body, while the core and remaining bound 

electrons form the another. The CTMC method is then apply for the 

calculations, providing the total cross sections in a wide impact energy 
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range, typically around from tens of keV to tens of MeV. Furthermore, 

single and double differential cross sections are presented in the specific 

energy range of 30-60 keV, aligning with the energies relevant to plasma 

diagnostics in nuclear fusion applications.  

The Main Objective  

The main objective of my PhD work is to present a classical treatment of 

inelastic single electron processes in collision systems related to fusion 

plasma and other applications. The main focus lies in collision systems 

involving singly charged ion projectiles (proton, lithium, and sodium 

ions) and atomic targets (nitrogen and noble gases: helium, neon, argon, 

krypton, and xenon). The collision system is reduced to a three-body 

problem and the equations of motion are solved based on the classical 

trajectories Monte Carlo method [25]. A specific emphasis is on 

advancing the understanding of ion-atom collisions within the context of 

modelling and diagnostics of fusion plasma. By delving into the details 

of these collision processes, we seek to contribute valuable insights that 

can enhance the accuracy and effectiveness of fusion plasma diagnostics. 
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NEW SCIENTIFIC RESULTS 

Within the classical trajectory Monte Carlo (CTMC), by employing the 

Garvey-type distance-dependent potential, we have studied the inelastic 

collision processes of the following systems: collision of singly charged 

lithium (Li+) with atomic helium and nitrogen, singly charged sodium 

(Na+) with atomic nitrogen, singly charged sodium (Na+) with atomic 

noble gases (Ne, Ar, Kr and Xe), and protons with atomic noble gases 

(Ne, Ar, Kr and Xe) in wide range of impact energies which are relevant 

to the interest of fusion research. 

These investigations have achieved substantial advancements in the 

theoretical examination of ion-atom collision systems. For systems that 

have experimental and/or theoretical results available, our CTMC results 

showed in most of the cases very good agreement with the previous data. 

We found very good agreement at intermediate energies, and a relatively 

good agreement at higher energies. However, at lower impact energies 

(below 10 keV) the agreement between experiment and theory was not 

good due the limitations of the CTMC method. 
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I have summarized the new results presented in this thesis in the form of 

5 thesis points: 

 

Thesis point 1 
 

My research involved CTMC calculations to explore 𝐿𝑖+ − 𝐻𝑒  and 

𝐿𝑖+ − 𝑁  collision systems. I calculated the ionization and electron 

capture total cross sections as a function of the impact energy in the 

range (20 keV-100 MeV) and determined the impact parameter 

dependent probabilities. I found excellent agreement with the previous 

experimental and theoretical data. 

 

P[1]: One paper published in a refereed scientific journal and support this 

dissertation.  

P[1]: Impact Score: 2.53, Q1. 

P[5]: Proceeding paper 
 

Thesis point 2 
 

I employed CTMC calculations for 𝑁𝑎+ − 𝑁 collision system. I 

calculated the ionization total cross sections as a function of the 

projectile energy in the range (10 keV-10 MeV). Moreover, I calculated 

the ionisation differential cross sections for impact energies of 30, 40, 50 

and 60 keV as a function of the scattering angle and the energy of the 

ionised electrons. I found that the majority of electrons are ejected at 

lower angles followed by backscattered electrons. Moreover, I have 

shown that the majority of these electrons acquire kinetic energies of 20 

eV and below.  

 

P[2]: One Paper published in a refereed scientific journal and support 

this dissertation.  

P[2]: Impact Score: 4.6, D1. 

P[5]: Proceeding paper 
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Thesis point 3 
 

Utilizing CTMC calculations, I examined collision of singly charged 

sodium ion (Na+) with atomic noble gases (Ne, Ar, Kr and Xe). I 

calculated the ionization and electron capture total cross sections as a 

function of the projectile energy in the energy range between 10 keV and 

50 MeV. Moreover, I calculated the ionisation differential cross sections 

for impact energy of 60 keV as a function of the scattering angle and the 

energy of the ionised electron. I found that electrons with energies below 

10 eV are dominant in the forward scattering. Moreover, for 12 eV 

electrons, the DDCSs of backscattering and scattering at 90° show 

relatively identical results. I found that the backscattering DDCS was 

greater than the scattering DDCS at 90° for both Ne(2p) and Ar(3p) at 

electron energies larger than 12 eV. Furthermore, I found that the 

backscattering DDCS for Kr(4p) and Xe(5p) was greater than at 

scattering of 90° with energies larger than 50 eV.  

 

P[3]: One paper submitted to Scientific reports and support this 

dissertation. 

P[3]: Impact Score: 4.6, D1. 

 

Thesis point 4 
 

Conducting CTMC calculations, I investigated the collision of protons 

with atomic noble gases (Ne, Ar, Kr and Xe). I calculated the ionization 

and electron capture total cross sections as a function of the projectile 

energy in the energy range between 0.2 keV and 50 MeV. Moreover, I 

calculated the ionisation differential cross sections for impact energy of 

35 keV as a function of the scattering angle and the energy of the ionised 

electron. I found excellent agreement with the previous experimental and 

theoretical data. 

 

P[4]: One Paper published in a refereed scientific journal and support 

this dissertation. 

P[4]: Impact Factor: 1.8, Q2. 
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Thesis point 5 
 

I employed CTMC calculations to determine the contribution of the inner 

sub-shells to the total cross section, additionally, to determine the 

contribution of nuclear-nuclear potential on the collision dynamics. The 

calculations were performed for the following collision systems: collision 

of singly charged lithium (Li+) with atomic helium and nitrogen, singly 

charged sodium (Na+) with atomic nitrogen, singly charged sodium 

(Na+) with atomic noble gases (Ne, Ar, Kr and Xe), and protons with 

atomic noble gases (Ne, Ar, Kr and Xe). I found that the inner shells 

contribution is insignificant at low impact energies (hundreds of keV and 

less), however, their contribution increases with increasing impact 

energies. Moreover, I also have shown that nuclear-nuclear potential has 

no significant effect on the collision dynamics. 

 

P[1,2,3,4]: Three Paper published in a refereed scientific journal and 

support this dissertation. One paper submitted to Scientific papers and 

support this dissertation. 

P[1]: Impact Score: 2.53, Q1. 

P[2,3]: Impact Score: 4.6, D1. 

P[4]: Impact Score: 1.8, Q2. 
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