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Abstract 

 

When a laser pulse of sufficient intensity is focussed onto a flat metal target it vaporises 

the surface, forming a high temperature and high-density plasma that rapidly expands in 

a direction perpendicular to the target. If two laser-produced plasmas are created in 

close proximity to each other, upon expansion they collide and may, depending on 

density and relative velocity, either interpenetrate or stagnate along the collision front.  

The purpose of this work is to investigate the ion emission characteristics of  stagnation 

layers with a view towards developing a potential ion beam source for other research 

and commercial uses. This research aims to shed new light on the control that can be 

exercised over laser plasma generated ions, specifically with the use of colliding 

plasmas, and to explore how one can selectively alter the kinetic energy and charge state 

densities of the emitted ion beams. 

This was investigated using mass spectrometry, with a particular focus on how the 

target geometry affects generation and distribution of highly charged ions over a range 

of kinetic energies. The work was carried out using an ESA-ToF MS (Energy Sector 

Analyser-Time of Flight Mass Spectrometer) device designed and built with assistance 

from the Laser and Plasma Applications Group in Trinity College Dublin. This detector 

was ultimately capable of isotope resolution for Cu ions with a minimum of background 

noise and could be tuned to examine kinetic energies of positively or negatively charged 

plasma species.. 

Using a colliding plasma system comprising two point plasmas focussed on a flat target, 

and a series of wedge shaped targets with angles of 90°, 60° and 30°, the ion emission 

was measured over a range of kinetic energies for each target. The results consistently 

show a visible increase in the proportion of highly ionised Cu atoms produced by using 

narrower wedge targets for every pass energy examined. On average there is a three-

fold increase in the number density of higher charged states (Cu3+,4+,5+) visible in the 

signal from a 90° target vs a 180° (flat) target. Concomitantly, there is a similar but 

smaller decrease in the percentage of lowly charged states in the 90° target signal.
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1 Introduction 

 

 

1.1 Plasma Definition 

 

There exist four states of matter, arranged by thermal energies and intramolecular forces 

– solid, liquid, gas and plasma. In simple terms each successive phase change can be 

considered to be brought about by delivering more energy into the system, increasing 

the thermal vibrations of the atoms and, at high enough absorbed energy, even 

detaching electrons from individual atoms. In the lowest state of vibrational energy of a 

solid, the atoms are relatively static. An increase in thermal energy causes these 

structures to break down, leaving loose molecules which are still close together, but lack 

any regular structure or organization to them. This is the liquid phase, where molecules 

are free to vibrate and move past each other. Increasing the input energy further causes 

the molecules to agitate more vigorously, causing them to separate further into a gas [1]. 

Continuing to increase the supplied energy agitates the molecules further, eventually 

leading to fragmentation and electron emission yielding higher energy ions, electrons 

and radiation emissions. This is a plasma, defined primarily by its high temperature, 

charged particles and overall net electrical neutrality [2].  

 

Initially described by Irving Langmuir in the 1920s, plasmas have long been the subject 

of intense research interest due to their unique characteristics and optical emission 

properties [3]. Laser produced plasmas are used in diverse fields such as pulsed laser 

Figure 1-1: Visualisation of the phase changes matter can undergo from a base state solid to an excited plasma [50] 
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deposition, hohlraum targets for indirectly driven fusion, particle acceleration and 

laboratory-based astronomical simulations [4]–[7].   

To meet the precise plasma classifications set forth it is required that the plasmas have 

an overall net neutrality of electrons and ions within the plasma such that: 

 𝑛𝑒 = ∑ 𝑛𝑧

𝑧

𝑧 (1.1) 

where ne is electron density and nz is density of ions of charge z [8]. The plasma must 

also display a collective response to external forces due to the long-range Coulomb 

effect on charged particles within the plasma. The Debye length 𝜆𝐷 determines the 

maximum distance that the electric field of a charged particle can extend to before it is 

counterbalanced by the fields of other charged particles, and can be calculated from: 

 

𝜆𝐷 = √(
𝜖0𝑘𝐵𝑇

𝑛𝑒𝑒2
) (1.2) 

where 𝜖0 is the permittivity of free space, 𝑘𝐵 is Boltzmann’s constant, T is the plasma 

temperature and e is the electron charge. T the plasma length L must be, at a minimum, 

an order of magnitude greater than the Debye length – this is to differentiate a true 

plasma from a highly energetic medium. Related to the Debye length is the concept of 

the Debye sphere, with a radius 𝜆𝐷. Another requirement for plasma classification is 

that  it must contain a sufficiently large number of particles stated as: 

 
𝑁𝐷 =

4𝜋𝑛𝑒

3
𝜆𝐷

3 ≫ 1 (1.3) 

where ND represents of the average number of particles contained in a Debye sphere of 

radius 𝜆𝐷. In the majority of plasmas an ion can only affect or be influenced by other 

ions within its Debye sphere. 
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1.2 Previous Research 

 

This work builds upon previous research carried out in the areas of laser-produced 

plasmas, stagnation layers and ion analysis, going as far back as the 1960s when studies 

into PLA (Pulsed Laser Ablation) and LIBS (Laser Induced Breakdown Spectroscopy) 

initially began to garner interest [9]. 

There are several instances of groups examining laser-produced plasma stagnation 

layers using time, space and charge-resolved spectroscopy and imaging. The majority of 

these groups focussed on the photo-signal [10]–[12] whilst altering one or more 

variables of the plasma; a smaller number also examined the charged particle emissions 

using Faraday cups or mass spectrometry techniques [13]–[16]. The specific objectives 

of the research reported here relate to the generation and distribution of more highly 

charged ions (HCI) by manipulating the target geometry, endeavouring to increase the 

proportion of more HCIs  relative to the generation of neutrals and lowly charged states. 

In microelectronics HCIs with a large Coulomb potential energy are valued for their 

ability to reliably and significantly alter material surfaces and characteristics. HCIs are 

Figure 1-2: A brief visualisation of the timeline of a laser plasma and stagnation layer formation 
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used to remove electrons from a highly localized surface area of a material, forming 

hollow atoms where almost all electrons occupy excited levels leaving an empty central 

core, which can decay via Auger emissions. While this can be accomplished with more 

lowly charged ions (LCI) it is a difficult process, as rarely would a single particle 

possess sufficient energy to induce changes on its own – instead many particles are 

required to achieve what a single highly charged ion can potentially accomplish. This 

higher potential energy also allows the use of slower, low kinetic energy ions, making 

the generation and redirection of these ion beams easier [17]. 

HCIs also play an important role in the biomedical field, specifically for cancer 

treatment. Hadron therapy enables doctors to target and destroy difficult to reach 

cancerous tumours, where surgical operations would be too risky or ineffective. This 

involves the generation, redirection and focussing of multiply charged particle beams to 

a minute focal point within the patient and can be used to target sensitive areas in the 

brain, prostate, lungs and other areas of the body. Using more slowly moving highly 

ionised particles for this purpose may be a simpler, more cost-effective method and, is 

potentially more potent than using a larger number of faster, lowly charged ions [18]. 

This treatment involves fewer, less severe side effects than conventional radiation 

treatments, meaning one can receive higher doses of radiation in each session with less 

risk of nearby tissue damage. This smaller number of more frequent higher intensity 

treatments, compared to conventional radiotherapy, can increase the likelihood of a 

positive clinical outcome for the patient. 

The purpose of many previous studies on colliding plasmas was to verify to what extent 

the target and plume type affected the size, shape and emission characteristics of the 

stagnation layer to better characterize it for its various potential applications. Studies 

hypothesised that using narrower wedge shaped targets (as opposed to flat targets) 

would increase the relative collision velocity [19] (and thus the ion-ion mean free path 

(mfp)) as well as the width of the stagnation layer [15]. Using a target of greater atomic 

mass was also found to cause a significant increase in the width of the stagnation layer 

[20]. 

One of the earliest examples of a time of flight (ToF) mass spectrometer similar to the 

ESA (Energy Sector Analyser) used for these experiments is a design by Wiley and 

McLaren [21] . Their goal was to test the resolution of their improved electron gun, and 
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as part of this endeavour they designed their own mass spectrometer to aid them in their 

investigation. This design consisted of two collimating slits, a collimating magnetic 

field and an electron trap and electrodes. The slits help with beam collimation, the axial 

magnetic field further collimates the beam, the electron trap minimizes backscattering 

and the electrodes both accelerate the electrons and amplify the signal. This initial 

design has been modified in various ways since then to improve the resolution. 

In 1985 Dolder et al. undertook the examination of two-body ion-ion collisions, 

reviewing previous publications on the experimental aspects of such collisions using 

intersecting ion beams [22]. Of note was their discussion on the mechanisms of ion 

collisions resulting in ionisation or charge transfer. Motivated by research into heavy 

ion fusion, experiments with identical ion pairs from Van de Graaff accelerator ion 

beams were carried out and yielded the following: 

 𝐶𝑠+ + 𝐶𝑠+ → 𝐶𝑠2+ + 𝐶𝑠  (1.4) 

            𝐶𝑠+ + 𝐶𝑠+ → 𝐶𝑠+ + 𝐶𝑠2+ + 𝑒−  (1.5) 

This fundamental reaction of intersecting ion beams somewhat mirrors the interactions 

that occur when a pair of plasmas collide but neglects the effect of the electron cloud. 

The investigation herein examines the change in charged states as the relative velocity is 

changed by altering the target geometry. 
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2 Theory 

 

 

2.1 Laser-Produced Plasmas 

 

Laser-produced plasmas are uniquely high energy short-lived plasma plumes (with 

lifetimes on the scale of 10 µs down to a few ps) created by a high energy photon pulse 

focussed onto a target, heating and ablating the surface to form a plasma. Photons from 

a high-powered laser pulse would typically lack the large amount of energy necessary to 

directly ionise matter and so ionisation is instead induced by a combination of fast 

electron collisions, multiphoton and/or field ionisation equation [23].  

In experiments with Cu targets, the sample absorbs the laser energy resulting in electron 

heating, lattice heating and electron-phonon collisions [24]. The penetration depth of the 

laser pulse into the target surface can be calculated from the following [25]: 

 𝛿 = √
2

𝜔𝜇𝜎
 (2.1) 

where 𝛿 is the penetration depth or optical skin depth (generally on a scale of several 

nanometres), 𝜔 is the angular frequency, µ is the magnetic permeability of free space 

and σ is the conductivity of the target material (measured in kg-1 m-3 s3 A2). The angular 

frequency 𝜔 also referred to as the laser oscillation frequency, can be calculated from:  

 𝜔2 = 𝜔𝑝
2 + 𝑐2𝑘𝑝

2 (2.2) 

where 𝜔 represents the plasma frequency, c the speed of light in a vacuum and kp is the  

propagation constant for the laser wave [26]. 

Using the values specific to the experiments carried out within this thesis, one obtains 

the following: 

 𝛿𝐶𝑢 = √
2

2.818 × 1014 × 4𝜋 × 10−7 × 5.96 × 107
 (2.3) 

𝛿𝐶𝑢 ≈ 9.7x10-9 m. 
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Thus the optical skin depth for copper (using a 1064 nm wavelength at 20 °C) is 

calculated to be ≈9.7 nm.  

This radiation is absorbed by electrons in the target material through photoexcitation, 

single photoionisation and multi-photon ionisation causing the release of free electrons 

[27]. These free electrons now travelling in the conduction band can transfer energy 

from the initial laser pulse into the bulk material. The depth to which this energy 

transfer can occur is described by Lth, the heat penetration depth: 

 𝐿𝑡ℎ ≈ √2𝐷𝜏𝐿 (2.4) 

where τL is the laser pulse temporal duration and D represents the heat diffusion 

coefficient: 

 𝐷 =
𝑘

𝜌𝐶
 (2.5) 

wherein k is the thermal conductivity, ρ is the mass density, and C is the specific heat 

capacity of the target. With a heat penetration depth much larger than the optical skin 

depth, energy transfer from the laser pulse is mainly carried out through heat conduction 

deeper into the material, with the high energy input causing melting of the material. The 

vaporisation of the material can only occur when the energy absorbed by the optical 

skin depth exceeds the latent heat of evaporation of the target. The resulting ablation 

depth, ∆Z is calculated from: 

 ∆𝑍 ≈
𝐴𝑠(𝐹𝐿 − 𝐹𝑡ℎ)

𝜌𝐿𝑣
 (2.6) 

where AS is the surface absorbance, FL is the laser fluence (J/cm2), Fth is the threshold 

fluence and Lv is the latent heat per unit mass. 

The heating within the ablation depth ∆Z causes the formation of what is known as a 

“deflagration layer”, formed from the electrons and ions released from the target 

surface. The impinging laser pulse interacts with the free electrons in this layer through 

the process of inverse bremsstrahlung (IB – bremsstrahlung being the German for 

“breaking radiation”). In this process, a laser photon is absorbed by an electron in the 

confines of the field of an ion of charge Z. This photo-absorption process depends 

greatly upon both the electron and ion densities as well as the laser pulse wavelength, 

resulting in the IB absorption coefficient described by:  



8 

 

𝛼𝐼𝐵 = 𝜎𝐼𝐵𝑁𝑒 =
4

3
√

2𝜋

3𝑘𝐵𝑇𝑒
×

𝑍2𝑒6

ℎ𝑐𝑚𝑒

2
3𝑣3

𝑛𝑖𝑔𝑓𝑓(1 − exp (
−ℎ𝑣

𝑘𝐵𝑇𝑒
))𝑛𝑒 (2.7) 

where αIB is the IB cross-section, ni and ne are the electron and ion density, v is the laser 

frequency, Z is ion charge, h is Planck’s constant, gff is the Gaunt factor [28][29] . 

The radiation absorption by IB imparts kinetic energy to the liberated electrons, causing 

further ionisation as the electron density increases. This process results in avalanche 

ionisation until the electron density reaches the critical value (which for a Nd:YAG 

operating at the fundamental frequency is ~1021 cm-3) at which point the plasma 

becomes opaque and the laser radiation is reflected from the critical density layer. This 

typically occurs during the first few tens of picoseconds. As the plasma expands out 

further the electron density decreases, descending below the critical density level, and 

radiation from the laser begins to be absorbed once again. This cycle repeats so long as 

the laser pulse continues to supply energy. This stage of the plasma evolution is 

primarily isothermal due to the actual expansion time greatly exceeding the heating 

cycle time. Through this phenomenon, the plasma is able to maintain a relatively 

constant temperature in the early expansion phase, even with the increasing plasma 

volume [30]. 

 

 

2.1.1 Atomic Processes 

 

Within a laser-produced plasma there are multiple different radiative and collisional 

processes taking place that variously involve atoms, ions, electrons, other particles and 

diverse types of radiation to facilitate energy absorption, emission and transportation. 

Electron-electron collisions are generally the dominant particle interaction occurring 

within the plasma due to their high velocity, and while there are also many radiative 

processes that take place one is concerned here primarily with the ionisation and 

recombination processes triggered by ion-particle impacts, rather than the radiative 

processes. These are considered in more detail below. 
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2.1.1.1 Electron Impact Excitation 

 

Electron impact excitation occurs when an electron travelling near an ion (within its 

Debye sphere of influence, determined by the Debye length 𝜆D in equation (1.2)) 

induces a bound electron transition through the transfer of some portion of its kinetic 

energy. This cause the free electron to lose energy equal to the energy difference 

between the upper (j) and lower (i) bound states. 

 

 

2.1.1.2 Electron-Impact De-Excitation 

 

This process is the inverse of electron-impact excitation and occurs when a free electron 

triggers the downward transition of a bound excited electron held by a nearby ion/atom 

to a lower bound state. The kinetic energy lost by the bound electron within the 

collision is converted into the increased kinetic energy of the free electron. 

 

 

2.1.1.3  Electron-Impact Ionisation 

 

Electron impact ionisation plays a particularly important role in low-density, optically 

thin plasmas, occurring at a much greater frequency than other processes. This describes 

the process whereby a free electron within the continuum collides with an atom/ion and 

transfers sufficient energy to a bound electron such that it may overcome its binding 

energy. This results in the electron being released and entering into the free electron 

continuum with an energy equal to that lost by the initial, colliding free electron, minus 

the ionisation energy.  
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2.1.1.4 Three-body Recombination 

 

This process is the inverse of the previous electron-impact ionisation process and plays 

a more important role in high-density plasmas. When two separate free electrons enter 

the Debye sphere of influence of an ion simultaneously one of them may become 

captured into a bound state in the ion. The surplus energy of the now bound electron is 

transferred into an increase of kinetic energy of the second electron. 

 

 

2.1.1.5 Photoionisation 

 

Also known as the photoelectric effect, in this process a high energy photon is absorbed 

by an atom, causing the ionisation and promotion of a bound electron into the 

continuum. This plays a very important role in hot plasmas, but only when the incident 

photon energy is great enough to induce photoionisation on a scale comparable with the 

electron-impact ionisation in optically thick plasmas. 

 

 

2.1.1.6 Radiative Recombination 

 

This is the inverse process to photoionisation and is an important factor in high density 

plasmas. It occurs when a free electron in the continuum travels near an ion and 

becomes bound to it. This descent into a discrete bound state causes the emission of a 

photon of energy hv and decreases the ionisation state of the ion by one. As the free 

electrons in a plasma exhibit a continuum of kinetic energies, the photons emitted also 

exhibit a continuum of energies and so this radiation is most often referred to as 

“recombination radiation” or recombination continuum. 
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2.1.1.7 Bremsstrahlung Radiation 

 

This process occurs when a free electron passes through the electric field of an ion and 

is decelerated by the ion’s Coulomb field (which is where the term originates from – 

“bremsstrahlung” being German for “braking radiation”). This decrease in the electron’s 

kinetic energy within the electric field is balanced by the emission of a photon. This 

plays a major role in both low-z plasmas and highly ionised high-z plasmas, where z 

refers to the charge state or ionisation stage. 

 

 

2.1.1.8 Inverse Bremsstrahlung Radiation 

 

When a free electron travelling near an ion absorbs a photon it increases its kinetic 

energy by the amount of energy absorbed. For the conservation of momentum to be 

obeyed this process can only take place in the presence of an ion, which is needed to 

absorb the excess momentum. 

 

 

2.1.1.9 Doubly Excited Auto-Ionisation  

 

This process occurs only when there already exists an atom (or ion) with two electrons 

in high energy excited shells. An example is the 2s2p (1P) state in He with an excitation 

energy of 60.1 eV, well above the ionisation potential of He. These doubly excited 

electronic states are formed through resonant scattering of electrons or photons by 

atoms or ions and are clearly unstable tending to decay rapidly into a free electron and 

residual ion. In practice, one of the electrons drops to a lower (often ground) state and 

transfers its energy to the second electron which can then overcome the binding energy 

of the atom and is emitted into the continuum. 
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2.1.1.10 Dielectronic Recombination 

 

When an electron is captured from the continuum to occupy an excited state in an ion of 

charge state z, the excess energy is released. This energy in turn promotes another lower 

electron into an upper excited state, resulting in a doubly excited atom (or ion) of charge 

state z - 1. This process is generally described as the inverse of the “autoionising” 

process.  

 

 

2.1.2 Stagnation Layers  

 

When two laser-produced plasmas are formed in close physical proximity they can 

collide and interact energetically, producing a unique energy/particle signature and can 

at one extreme (of plasma temperature and density) interpenetrate, or stagnate at the 

other extreme, or form some complex combination of both. They are typically formed in 

vacuo as this allows for the relatively uninhibited ballistic expansion of the plumes, 

decreasing the energy loss and recombination rates that would come with the increased 

collisions associated with a plasma formed in air. 

Upon collision, if the plasmas are of low density and/or high relative velocity they will 

tend to interpenetrate, expanding into one another as the plasma constituents continue to 

undergo collisions. If the two plasmas are of high enough density and/or move at low 

relative velocity, they may stagnate upon collision [31]. This can be either a soft or hard 

stagnation: soft stagnation involves some degree of interpenetration while hard 

stagnation involves very little interpenetration. In this second case, the individual 

plasma constituents decelerate rapidly at the collision plane with the material here 

undergoing significant compression, causing a great increase in the temperature and 

density of the plasma at the collisional front (stagnation layer). 

The factor that determines whether the plasmas will stagnate upon collision (and the 

degree of this stagnation) or interpenetrate is determined principally by the collisionality 

parameter, ζ: 
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 ζ = 𝐷/𝜆𝑖𝑖 (2.8) 

where D is the spatial separation between the two seed plasmas and 𝜆ii is the ion-ion 

mean free path (mfp), or the average distance between two ions within each plasma 

[32], which is itself defined as: 

 𝜆𝑖𝑖(1 → 2) =
𝑚𝑖

2𝑣12
4

4𝜋𝑞4𝑧4𝑛𝑖𝑙𝑛Λ1→2
 (2.9) 

where the indices 1 and 2 refer individually to the 1st and 2nd plasmas, mi is the ion 

mass, v12 is the relative collision velocity, q is the fundamental electron charge, z is the 

average ionisation state of the plasma, ni is the average ion density of the plasma and 

lnɅ1→2 is the Coulomb logarithm (which denotes the natural log of collisions of the 

species from plasma 1 over the species from plasma 2, revealing whether small- or 

large-angle collisions are more predominant in the plasmas [33]). When 𝜆ii is large there 

is a long ion-ion mfp, resulting in fewer collisions as the ions do not aggregate at the 

stagnation layer. When 𝜆ii is small the mfp is shorter, resulting in a higher number of 

collisions as the plasmas meet which creates a hard stagnation with little to no 

interpenetration of the expanding plumes. 

Based on these equations one knows that to manipulate the stagnation layer, one can 

primarily control the distance D between the two plasmas, the relative collision velocity 

v12 of the initial plasmas or the mass mi of the ion (by changing the target material). The 

work contained herein focusses largely on the manipulation of the target geometry 

(angle of incidence) and the effect of this upon the ion distribution (ion energies and 

ionisation balance) in the stagnation layer. 

 

 

2.2 Ion Beams 

 

By the time the plasma reaches the end of the detector, for all intents and purposes it 

resembles an ion beam (or at least a spatially extended ion bunch) consisting of various 

charge states and kinetic energies. The purpose of the drift tube is to allow these ions to 

spatially separate out from each other based on their degree of ionisation due to 

Coulomb field effects [34] and their kinetic energies.  As the ions travel from the target 
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towards the detector along the drift tube the individual kinetic energies of ions 

belonging to each charge state causes the following separation: 

 𝑡𝑧 =
𝐷𝑡𝑢𝑏𝑒

𝑣𝑧
 (2.10) 

Where tz refers to the time it takes for an ion to travel through the tube, z is the 

individual charge state (unless an electrical bias is applied to the tube) Dtube is the tube 

length and vz is the ion velocity for each charge state. 

The ions are then separated further in terms of kinetic energy by the applied electrical 

bias across the ESA’s curved plates. The properties of this ion beam can be varied based 

on the formation of the laser-produced plasma, principally by altering either the laser 

fluence and spot size, or by altering the target geometry or material. To achieve high 

spatial separation, one can make use of targets with a high atomic mass and few charge 

states or increase the drift tube length, which gives the ions more time to separate 

spatially due to Coulomb field effects as the plasma expands towards the detector. 
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3 Experimental Systems 

 

 

Analysis of the charge state energy distributions from the plasma was made possible 

with the aid of the ESA and drift tube length, forming an Energy Sector Analyser-Time 

of Flight Mass Spectrometer system (ESA-ToF MS) [25].  

 

Figure 3.1 shows the key components of the system, consisting of the laser, optical 

apparatus (for the redirection, attenuation and splitting of the laser beam), target and 

detector. The last two of these components are housed within the vacuum chambers at 

low pressures to allow for plasma expansion and detector functionality. 

The low pressure (10-6 mbar) prevents ions from undergoing a large number of 

collisions with air molecules and any impurities in the air, which would result in a high 

Figure 3-1: Schematic of the experimental setup featuring laser, optics, target and detector 
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recombination rate and low signal at the detector. The low system pressure is also 

extremely important for the function of the electron multiplier within the ESA 

(Analytical West electron multiplier small horn plug-in [35]), which will be expanded 

upon later. 

Shown in Figure 3.2 is the experimental setup including the drift tube, a 0.9 m length 

vacuum pipe connecting the target chamber to the detector chamber which allows for 

the initial spatial separation of the charged particles as the plasma expands towards the 

detector.  

Figure 3-2: Photograph of the experimental setup showing the laser, optics, vacuum chambers and some electrical 

and vacuum equipment. The optics setup consists of a half wave plate, polarizer, mirrors, neutral density filter, and on 

the second table a beam splitting wedge and focussing lens. 
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The target comprised a machined block of non-oxygenated copper of rectangular shape 

into which grooves or wedges of angles 90°, 60° and 30° were cut.  

The Cu used contained a small percentage (≈2%) of carbon for ease of machining, as 

pure copper is quite difficult to reliably cut with high precision [36]. This is due to the 

high linear expansion coefficient, high plasticity, high heat conductivity and low 

hardness which all contribute to the copper tending to deform while it is being 

machined [37]. 

The ESA is housed within a vacuum chamber split into two parts: the first is used to 

house the target and XYZ translational stage and the second to contain the ESA itself. 

These two chambers are connected via CF flanges and the 0.9 m long pipe (with 

diameter 0.08 m) which acts as the drift tube for the system. This introduces the 

aforementioned charged particle discrimination into the experiment, as the distance 

travelled enables the charged particles in the expanding plasma to separate spatially. 

The expansion of the faster, lighter electrons creates an imbalance in the charge 

distribution, with a large negative bias at the plume front accelerating the positive 

charges via the ambipolar field created [38]. Particles with a higher positive charge 

undergo a greater acceleration so when the ion signal reaches the detector one first 

observes the highest charged states of the lighter ions based on the q/m ratio. 

Figure 3-3: Diagram of the Cu target used, featuring the 90°, 60° and 30° wedges for colliding plasmas (units in 

mm). 
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Connected to the drift tube is a vacuum valve that can be used to isolate the two 

chambers. Each chamber is fitted with a backing pump (or roughing pump), a turbo 

pump, a low-pressure gauge and a high-pressure gauge. To reduce the pressure in both 

chambers simultaneously Leybold Trivac D2-5E and D16B backing pumps were used, 

and for the turbomolecular pumps Turbovac 151 and 50 models respectively were used. 

Using the dual-pump system over a period of 40 minutes the chambers can reach 

pressures of 10-6  mbar. This vacuum level is necessary to safely apply high voltages to 

the electron multiplier [35] within the ESA. If a large electrical bias is applied while the 

pressure is still high is likely to result in air breakdown causing a short-circuit across the 

channel electron multiplier (CEM), which could result in permanent damage to the 

detector. To avoid such a catastrophic occurrence the CEM is operated in vacuo and the 

applied voltage is ramped slowly from 0 – 1.8 kV. Higher voltages could be used to 

increase the detector gain, but this would also increase the noise, decreasing the m/q 

resolution and making isotope identification more difficult. 

 

 

3.1 Nd:YAG Laser System 

 

To generate the plasma a Q-switched Continuum Surelite III-10 laser system operating 

at 1064 nm was used.  Pulses from this Nd:YAG laser possess a Gaussian spatial 

distribution and are linearly polarised. The system was operated from an external trigger 

in single shot mode throughout the experiment. The literature specifications for the 

system are as follows: 

 Surelite III-10 Laser System 

Wavelength (nm) 1064 

Energy (mJ) 800 

FWHM (ns) 6, 4 (harmonics) 

Repetition Rate (Hz) 10 / single shot 

External Trigger Jitter (ns) ≤ 1 

Table 3.1: Surelite Continuum Nd:YAG laser specifications 
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Q-switching refers to the quality factor (Q-factor) of the resonator, and how this 

becomes degraded during operation to enable a higher gain. The Q-Switch itself is made 

up of a quarter-waveplate, a Pockels cell and a polariser within the oscillator. At peak 

population inversion the Q-factor is restored to its original higher value, allowing 

excited atoms to release their energy as photons in a high energy short pulse. This 

Surelite system operates in active Q-switching mode which necessitates an electro-optic 

gate within the resonator, enabling the controlled and rapid switching between high and 

low Q-factors. This results in high peak power, short duration laser pulses. 

Within the oscillating cavity the beam makes a double-pass through the Pockels cell and 

the quarter-wave plate and undergoes a 90° rotation of linear polarisation, changing the 

originally horizontally polarised  beam to vertical polarisation which is now rejected by 

the polarizer. If a high voltage is now applied to the Pockels cell it opens the cavity, 

causing a quarter-wave rotation of incoming photons. The original beam, having 

performed a double pass through the cavity, can now be transmitted as it is rotated a 

further 90° to be horizontally polarized again, passing through the polarizer and output 

coupler. This process and the population inversion occurs in a matter of ns, resulting in 

a pulse with a full width at half maximum (FWHM) of a few ns. 

 

 

3.1.1 Optics Setup  

 

At the exit of the laser there is an array of mirrors and optical devices for the purposes 

of redirecting, attenuating, focussing and splitting the laser beam. First there is an 

adjustable half-wave plate used to alter the polarisation state of the beam. Through 

rotation of the half wave plate one can continually adjust the polarisation direction of 

the beam which, in conjunction with the polariser placed just after it, allows one to 

achieve variable attenuation of the beam power to a large degree [39]. 

The half wave plate itself is made of a birefringent crystal cut parallel to the optical axis 

in the crystal face. When a light ray is incident to this surface the electrical field E is 

decomposed into two separate linearly polarised components (the component polarised 

parallel is known as the extraordinary beam, and the component polarised perpendicular 
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as the ordinary beam). When the ordinary beam has a higher index of refraction than the 

extraordinary beam then the polarisation directions along, and perpendicular, to the 

optical axis are known as the fast and slow axes. The phase difference between the two 

components of the beam after passing through the wave plate is some multiple of 180° 

or one  ½ wave. 

One can achieve the full range of attenuation from the half wave plate by rotating it 

through 45° (e.g. 0° to 45°). The resulting intensity of the beam is then given by the 

expression: 

 𝐼1 = 𝐼0𝑐𝑜𝑠2(2𝜙) (3.1) 

where I1 represents the intensity of the transmitted beam, I0 is the original intensity 

incident on the 1/2 wave plate and ϕ is the azimuthal angle of the ½ wave plate – by 

rotating the ½ wave plate through an angle of  ϕ one can achieve a 2 ϕ degree rotation of 

polarisation of the beam. This beam of intensity I1 then passes through the polarizer, 

using equation 3.1 again but reducing the previous 2ϕ factor to θ (the angle between the 

initial direction of polarization of the beam, and the axis of the polarizer), provided the 

waveplate and the polarise are aligned along the same axis. 

The polarizer used comprised two calcite wedges pressed together with their optical 

axes parallel to one another. When the laser beam impinges upon the intersection, the 

electrical field is separated into its distinct S and P polarised components aligned with 

the fast and slow axes of the crystal. The cube has different indices of refraction for the 

S and P components, such that it is possible for the wedges to be angled so that the S 

polarized light will undergo total internal reflection while the P polarized light is able to 

pass with minimal disruption and is used for the eventual plasma plume generation. The 

reflected S component is absorbed by a beam-stop placed to one side of the polarizer. 

In order to further decrease the beam fluence one can also place different neutral density 

filters in this optical system after the polarizer. This functions to reduce the intensity of 

any wavelength of light which passes through it as described below: 

 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 =
𝐼

𝐼0
= 10−𝑑. (3.2) 

where I0 is incident beam intensity, I is the transmitted intensity and d is the optical 

density of the filter. In this system a filter with an optical density ≈ 0.83 was used, 

which reduced the laser pulse energy from 493 to 73 mJ. 



21 

 

There is an array of dichroic mirrors, including a periscope, to redirect the beam such 

that it will impinge upon the metal target at the correct position and angle to be detected 

by the ESA. The beam splitter and focussing lens are located at the entrance to the 

vacuum chamber itself. The beam splitter consisted of a bi-prism which, when 

positioned correctly, will split the incoming beam evenly in half, outputting two 

identical beams with a well-defined angle between them. These beams then pass 

through a plano-convex lens and are focussed to a spot size of 0.5 mm diameter each 

separated by a 2 mm distance. The close proximity was necessary in order to ensure a 

stagnation layer would form at the collisional plane of the two plasmas, as at larger 

separation values the plasmas could be too diffuse upon collision. This small separation 

distance was also necessary in order to align the laser spots successfully along the walls 

of the narrower wedge shaped targets (this was important for the much narrower 30º 

wedge in particular, illustrated in Figure 3.3). 

 

 

3.2 Energy Sector Analyser 

 

The ESA (Energy Sector Analyser) is composed primarily of two narrow entrance and 

exit slits for the collimation of ion beams, a pair of curved electrically biased plates for 

the bending and kinetic energy separation of the ion beam and a final electron multiplier 

for amplification of the ion signal to be displayed on an oscilloscope.  
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The collimating slits are placed at the entrance to the ESA and at the exit just in front of 

the electron multiplier. By altering the slit-widths one can decrease the amount of signal 

permitted to pass through to the detector. This helps to avoid signal saturation as well as 

collimating the ion beam. If they are too narrow then the signal will be extremely faint 

and hard to discern over the background noise. If they are too wide then the signal will 

be stronger, but the ion peaks will be broader and will exhibit poor resolution. Various 

dimensions were tested, and a slit width of 2 mm was decided upon, as a compromise 

between good signal strength and m/q resolution. The slit width however does not 

directly affect the m/q resolution. Rather, the mass resolution is determined by the time 

of flight, which is in turn dependent on E/q- thus the mass resolution is improved as a 

result of improving the energy resolution. 

The two curved plates were machined from a solid aluminium block, chosen for its high 

electrical conductivity, machinability and durability. Applying opposite electrical biases 

to each plate creates a curved electrical field between their arcs. To examine the 

positively charged ions one can positively bias the back plate while the front plate is 

negatively biased. In order to detect negatively charged ions, the opposite biases can be 

applied to the curved plates and detector. 

Figure 3-4: Photograph of the ESA detector showing the curved Al plates, exit/entrance slits and electron multiplier 

for signal amplification. 
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When a positively charged ion enters the electric field, with some kinetic energy, it is 

subject to an electrical force repelling it from the positively biased back plate [40]. The 

effect of this force as a function of the particle’s kinetic energy is described by the 

following equation [41]: 

 
𝑞 =

1

2

𝑚𝑑2

𝑡2∆𝑉
 (

𝑟1

𝑟2
−

𝑟2

𝑟1
) 

     (3.3) 

 ⇒ 𝐸𝑝 =
𝑞∆𝑉

(
𝑟1

𝑟2
−

𝑟2

𝑟1
)
           (3.4) 

where q represents the ion charge, m is ion mass, d is distance from plasma formation to 

ESA, t is ion flight time, Ep stands for pass energy and is the kinetic energy that a 

particle must possess in order to pass through the inter-plate bias of magnitude ∆V, 

measured in volts and r1 and r2 represent the inner and outer radii of the curved plates 

which help to determine the distance of the path the ions will take through the ESA. 

This specific r1/r2 – r2/r1 factor comes from the radial field equation  

 휀(𝑟) =
∆𝑉𝑟2𝑟1

(𝑟1 − 𝑟2)𝑟2
 (3.5) 

where r represents a particle’s path between the curved plates, resulting in a circular 

orbit provided that ε(r)=amv0
2/qr2 where a is the acceleration experienced by the 

particle within the radial field, m is the particle mass, v0 is the particle velocity prior to 

entering the radial fields and q is the charge on the particle. Hence, if mv0
2=2qE (or 

rather, if E is the energy of the normal particle just prior to entering the radial field) and 

if a=(r2 + r1)/2 then one arrives at the equation for the focussing potential of the 

detector, shown in equation 3.4 shown prior [40]. 

The plate bias ∆V is determined by the total net difference between the two oppositely 

biased plates, i.e. a 50 V bias is representative of -25 V applied to the front plate and 

+25 V applied to the back plate. In all cases ∆V implies that the front plate is at  -∆V/2 

with respect to ground, and the back plate is at +∆V/2 with respect to ground. Even if a 

particle possesses the correct energy, it does not simply “pass through” the electric field. 

Instead, due to the curvature of the plates, it will follow a path precisely along the centre 

radius of the plates, r0, and exit the electrical field still on the centre line – directly into 

the electron multiplier. A particle possessing higher or lower kinetic energy will not 

travel along this centre line and will instead either not be deflected enough from the 

original trajectory and will strike the back plate (kinetic energy too high) or undergo too 
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great a deflection by the electric field and strike the front plate (kinetic energy too low). 

Thus, one can alter the voltage applied to the plates to sweep through the range of 

kinetic energies of incoming particles, examining each kinetic energy ensemble set of 

ions individually and ultimately building up a picture of the entire kinetic energy 

spectrum of incoming ions [42]. 

Furthermore, building on the result from equation 3.3 one can extract a method for the 

calculation of the exact time of flight that an ion should have given a certain charge, 

mass, energy and plate voltage: 

 𝑡 = √
𝑚 × 𝑑2

2 × 𝐸𝑃
 (3.6) 

where t is the time of flight (generally on the scale of tens of microseconds), m is the 

mass of the ion to be examined (in kg) and d is the distance from the target to the 

detector (m) [43]. Using the previous two equations one can compile the following 

tables of Cu, C and H time-of-flight (ToF) values. 

 

Cu Volts 
 

50  75  100  150  200 

q Isotope 63Cu 65Cu 63Cu 65Cu 63Cu 65Cu C63 65Cu 63Cu 65Cu 

1 t (μs) 50.84 51.66 41.51 42.17 35.95 36.52 29.35 29.82 25.42 25.82 

2 t (μs) 35.95 36.53 29.35 29.82 25.42 25.82 20.75 21.08 17.97 18.26 

3 t (μs) 29.35 29.82 23.97 24.34 20.75 21.08 16.95 17.21 14.68 14.91 

4 t (μs) 25.42 25.83 20.75 21.08 17.97 18.26 14.68 14.91 12.71 12.91 

5 t (μs) 22.74 23.10 18.56 18.86 16.08 16.33 13.13 13.33 11.37 11.55 

Table 3.2: Calculated Cu isotope ToF values at various plate biases for the first five ionisation stages 

C Volts 50 75 100 150 200 

q Isotope 12C 12C 12C 12C 12C 

1 t (μs) 22.21 18.14 15.71 12.82 11.11 

2 t (μs) 15.71 12.82 11.11 9.07 7.85 

3 t (μs) 12.82 10.47 9.07 7.40 6.41 

4 t (μs) 11.11 9.07 7.85 6.41 5.55 

5 t (μs) 9.93 8.11 7.02 5.73 4.97 

Table 3.3: Calculated C isotope ToF values at various plate biases for the first five ionisation stages  

H Volts 50 75 100 150 200 
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Table 3.4: Calculated H isotope ToF values at various plate biases 

These calculated values allow one to state with some certainty exactly which elements 

and charge states are observed based on their ToF values. 

The current dimensions of the detector used here are as follows: 

Component Dimensions 

Curved plate outer radius (r1) 0.039 m 

Curved plate inner radius (r2) 0.031 m 

Curved plate separation distance 0.008 m 

Angle subtended by curved plates (φ) 127° 

Curved plate arc length (R)  0.078 m 

Target to detector distance 0.925 m 

Slits widths (Ω) 0.002 m 

Distance from ESA entrance to electron 

multiplier along r0 
0.100 m 

Distance from sector field (curved plate) exit 

to centre of exit aperture (δ) 
0.008 m 

Table 3.5: ESA-ToF mass spectrometer dimensions 

The entire device is electrically isolated in a grounded aluminium box of dimensions 

0.15 x 0.075 x 0.05 m3. 

By combining equations 3.3 and 3.4 one can calculate the detector energy resolution as 

follows: 

 
∆𝐸

𝐸
=

𝛺

(𝑅(1 − cos(𝜑)) + 𝛿sin(𝜑))
 (3.7) 

∆E represents the full width at half maximum (FWHM) of an energy signal, φ is the 

radial angle of the curved plates, δ is the distance between the exit of the curved plates 

sector field and the centre of the exit aperture (electron multiplier), R is the centre radius 

path between the curved plates and Ω is the slit width used. Taking the dimensions from 

Table 2 one can calculate the resolution value: 

 
∆𝐸

𝐸
 =  

0.002

(0.035(1 − 𝐶𝑜𝑠(127)) + 0.008 × 𝑆𝑖𝑛(127))
 (3.8) 

q Isotope 1H 1H 1H 1H 1H 

1 t (μs) 6.434 5.254 4.550 3.715 3.217 
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For the ESA dimensions used one calculates a value of ∆E/E = 0.032 or ≈3% of the pass 

energy – it should be noted that this is the uncertainty value is due to the ESA physical 

dimensions alone. Also, it is the uncertainty that one observes for a single shot. 

However for each voltage and target type a total of 25 shots were recorded, which were 

then averaged to limit the background noise and interference in the signal. The table 

below serves to compare the theoretical and experimental values for the ToF signals.  

One must also take into account the errors due to device fabrication imperfections, 

random particle collisions as the plasma expands along the drift tube length and 

electrical noise generated from the circuit systems used. Comparing the experimental to 

the calculated ToF values one can obtain the following values, in this case for the ion 

signal received from a single laser pulse on a flat Cu target at a plate bias of 100 V. 

Table 3.6: Tabulated values of the calculated vs experimental ToF (μs) for isotopes from a flat target at a plate bias 

of 100 V, showing the  average discrepancy in the ToF signal is ~0.1 – 0.2 μs. 

Cu 63Cu1+ 65Cu1+ 63Cu2+ 65Cu2+ 63Cu3+ 65Cu3+ 63Cu4+ 65Cu4+ 

Theoretical 36.0 36.5 25.4 25.8 20.8 21.1 18.0 18.3 

Experimental 35.8 36.4 25.3 25.9 20.6 21.1 17.8 18.1 

Deviation (μs) 0.2 0.1 0.1 0.1 0.2 0.0 0.2 0.2 

C 12C1+ 12C2+ 
      Theoretical 15.7 11.1 

      Experimental 15.7 11.1 

   
   

Deviation (μs)  0.0 0.0 

   
   

H 1H1+  

   
   

Theoretical 4.6 
 

   
   

Experimental 4.7 
 

   
   

Deviation (μs)  0.1 
 

   
   

Summary Average 
   

   
Deviation (μs)  0.1 
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To record various kinetic energies of charge states a range of plate biases was used, 

increasing from the lowest bias and well-resolved signal to the highest bias, where the 

signal started to fade away completely. This resulted in an operating plate bias range of 

50-200 V where the vast majority of the ions appeared. The actual values selected were 

50V, 75V, 100V, 150V and 200 V. This translates to the following kinetic energies 

from the lowest charge state for the lowest plate bias used, to the maximum charge state 

observable for the highest plate bias used. 

 

For each plate bias ∆V the various charge states q of Cu, C and H can have the same 

pass energy but will arrive at the detector at different times owing to their different m/q 

ratios leading to their spatial separation. Hence one can determine which ion stages are 

most abundant at different kinetic energies for the range of target geometries used. 

These ToF and kinetic energy values for the plasma are in accordance with the values 

typically observed in laser produced colliding plasmas [12], [44]. 

 

 

3.2.1 Alignment 

 

When initially setting up the systems it was necessary to devise a method to correctly 

align the ESA entrance slit with the laser spot upon the target. With a 2 mm aperture 

entrance on the ESA and a 0.925 m distance from ESA to target, there was a very 

limited range of suitable angles for the ESA.  If the alignment was even a few degrees 

off one could not detect any ion signal from the ESA. 

Table 3.7: List of the pass energies of ions in eV at the ∆V values used. 

 

Ep (eV) ∆V = 50 V 75 V 100 V 150 V 200 V

q = 1 108 162 216 324 432

2 216 324 432 648 864

3 324 486 648 972 1295

4 432 648 864 1295 1727

5 540 810 1080 1619 2159
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To align the ESA with the plasma a small adjustable laser pointer was set up behind the 

ESA chamber and aligned with a series of holes bored in the ESA walls and curved 

plates to strike the centre of the Cu target. This spot was used as a guide to line up the 

Nd:YAG  laser at the same spot so that when the chambers were evacuated the laser-

produced plasma could expand in a direction perpendicular to the target directly towards 

the detector. This delicate alignment process took some time to execute using very 

minute adjustments which were achieved by having a setup that allowed multiple 

degrees of fine tuning. The laser pointer, ESA and target were all attached to multi-axis 

translation stages allowing one to fine-tune the angular and x-y-z positions of the 

detector. One could also remove these components from the alignment stages to 

facilitate experimental setup and replace them accurately during data gathering. 
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4 Results and Analysis 

 

 

4.1 Initial Observations 

 

Before the ion signals recorded from different targets could be compared it was 

important to first improve the resolution of the ESA signal and remove some of the 

background noise using a digital smoothing filter (Figure 4.1). To this end a Savitzky-

Golay function was fitted over the signals taken, using the method of least squares 

Figure 4-1:  Comparison of the initial and smoothed ESA signals following application of the Savitzky-Golay filter. 

This signal shows the 1st charged state of Cu+ from a colliding plasma on a flat Cu target at a plate bias of 75 V. 
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smoothing to fit a second-degree polynomial over each 10-point window of data points 

[45].  

The following figures 4.2 and 4.3 show some sample plots with a 75V plate bias, 

structurally typical of most of the plasma signals observed. Figure 4.2 shows ToF 

signals for the three plume types (single plume-full laser pulse energy, single plume-

half pulse energy and a pair of colliding plasmas) formed on a flat target while Figure 

4.3 shows the ion signals from the three wedge shaped targets on which colliding 

plasmas were formed. Superimposed on these figures are the calculated ToF data for the 

Cu, C and H isotopes from Tables 3.2, 3.3 and 3.4. The fitted isotope ToF values 

provide information on which charge states and isotopes are present in the plasma 

plumes, and how the charge state distribution varies with kinetic energy, laser fluence 

and target geometry. The normal isotope distribution for Cu is ¾ 63Cu and ¼ 65Cu 

which is reflected in the isotope peak ratios. 

 

Figure 4-2: Ion ToF signals for a single laser pulse, half a pulse and two colliding plasmas on a flat target. 
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In the lowly charged ion signals a number of small extra peaks are present which do not 

correspond to the expected double isotope shape for Cu ions. These extra peaks are 

brought about by a combination of the random noise present in each signal and the 

averaging of 25 different signals to form the data presented. Slight shifts in the ion ToF 

values over 25 separate signals results in the presence of the smaller peaks. These are 

most apparent for the more lowly charged states due to the larger separations in the ToF 

values and hence broader peaks but are less noticeable for the more highly charged 

states. 

It is possible to obtain signals with a higher resolution, as shown in Figure 4.4, but the 

conditions necessary for this pose further difficulties which are discussed later. Figures 

4.4 and 4.5 show the ion signals from a single plasma plume on a flat target and that of 

a colliding plasma from a 60° wedge target, for a plate bias of 75 V, a total laser fluence 

of 73 mJ and an electron multiplier voltage of 1.668 kV.  

 

Figure 4-3: Ion ToF signals from colliding plasmas formed on 30°, 60° and 90° wedge targets. 
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Figure 4-5: Ion ToF signal of a single 73 mJ laser pulse on a 60° Cu target at a 75 V plate bias with CEM voltage 

of 1.668 kV 
 

As can be seen from Figures 4.4 and 4.5 two ToF traces can be quite different. Hence 

optimisation of the CEM bias is needed for each experiment in order to obtain very 

highly resolved isotope peaks. 

 

Figure 4-4: Ion ToF  signal of a single 73 mJ laser pulse on a 180° Cu target at a 75 V plate bias with CEM voltage 

of 1.668 kV 
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In order to achieve narrow and hence well-defined isotope peaks the voltage applied to 

the electron multiplier must be altered to match the required values for each target, 

plasma type and pass energy used. In order to see the 60° signal a higher voltage on the 

CEM is needed, but this decreases the definition for other signals. In practice one must 

employ a voltage of between 1.5 and 2.8 kV to obtain a high-resolution ToF trace for all 

targets used and their associated plasma conditions. 

Using such a wide range of voltages makes direct comparisons difficult, as each signal 

is amplified to a different degree. While this did yield clear (high resolution) ToF traces 

such as Figure 4.4, it was decided to settle on a mid-range voltage of 1.8 kV, using the 

same values for each signal recorded during the experiment- keeping a fixed, stable 

voltage whilst still maintaining a satisfactory resolution. Given more time it would have 

been preferable to record signals at the optimum voltage to obtain maximum resolution 

for each data set and normalize all such sets to allow for direct comparisons without the 

unequal amplification factor. 

In order to accurately measure the integrated signal under each isotope peak one can fit 

a Gaussian shaped function to each peak using Fityk software [46]. This becomes very 

useful when the raw ToF resolution is not sufficient. The program can be used to easily 

fit numerous peaks of various functions to one TOF trace, meaning from a poorly 

resolved Cu peak one can accurately fit the form of the expected isotope peaks that 

would otherwise have been more visible at greater m/q resolution. This method provides 

values for the area, signal height and ToF for each isotope peak. Using the pass energy 

calculations (equation 3.3) one can determine the exact ToF for different charge states 

and/or isotopes. Thus for a broad poorly defined peak at 25 μs, after calculating where 

the two distinct isotopes should be observed for Cu2+ one can fit two separate Gaussian 

shaped curves to this broad peak. Figure 4.6 shows this method using the signal from a 

colliding plasma on a flat Cu target with a 100 V plate bias. 
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By fitting such profiles to each discrete feature in the overall ToF signal one can obtain 

a more accurate view of how the ion distribution evolves with decreasing target wedge 

angle. These fitted peaks also reflect the expected natural isotopic abundance ratio of ≈ 

70:30 for 63Cu and 65Cu respectively. 

 

 

4.2 Ion Signal Presentation and Analysis  

 

The graphs and tables below serve to better illustrate the changing ion stage 

distributions by displaying only the area under each ion/isotope peak for the different 

target types and pass energies. To obtain these values the area under each isotope peak 

from the ESA signals was integrated separately, and the resulting values were then 

plotted in terms of their atomic mass (Cu, C, H) and charge state (+1, +2, +3 etc). With 

a large number of data sets to consider it was decided to display the ion signals from flat 

targets and the signals from wedge shaped targets separately, as seen below in Figures 

4.7 – 4.16. 

Figure 4-6: Ion ToF signal from a 100 V biased ESA with fitted peaks to highlight the presence of 63Cu, 65Cu, 12C 

and 1H isotopes for each charged state as well as an initial laser photopeak. 
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For these figures 180° – S represents a single unsplit laser pulse impinging upon the flat 

Cu target, 180° – H represents half of this (a single seed plume) and 180° – C 

corresponds to two seed plumes from the split initial pulse creating the colliding 

plasmas used to bring about stagnation. 90°, 60° and 30° refer to the various target 

wedge angles used. 

The errors displayed in the top right corner of each graph were calculated from the raw 

data obtained directly by the ESA before any averaging or noise filtering was carried 

out. For each target configuration (30°, 60°, 90°, 180°- C, H, S) and each plate bias (50, 

75, 100, 150, 200 V) a total of 25 shots were recorded. By measuring the standard 

deviation of the area under each ion peak (63Cu+1, 65Cu+1, 63Cu+2, 65Cu+2 etc) across 

those 25 samples, the average standard deviation (σ) could be calculated using the 

following formula. 

 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =  𝜎 =  √
∑(𝑥 − �̅�)2

𝑛
 (4.1) 

Here x becomes each value (area under ion peak) within the sample set, x̄ is the mean 

value of the set and n is the total number of values. This was calculated for each ion 

peak separately and then averaged, resulting in the values of 7% for Cu and 12% for C. 

The larger error value for carbon ions is attributed to the smaller peak size and the 

resultant increased difficulty in defining these smaller ion peaks against the background 

noise of the signal. 
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Figure 4-8: Histogram of isotope signals at a plate bias of 50 V for 3 different wedge targets – 90°, 60° and 30° 

 

Table 4.1: Tabulated values of the area under each isotope peak (V*sx10-6) at a 50 V plate bias 

 

Figure 4-7: Histogram of isotope signals at a plate bias of 50 V for a flat target for a single laser pulse, half the 

original laser pulse energy, and the original beam split in two for a colliding plasma 

 

σCu = 7% 
σC = 12% 

σCu = 7% 
σC = 12% 
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Figure 4-9: Histogram of isotope signals at a plate bias of 75 V for a flat target for a single laser pulse, half the 

original laser pulse energy, and the original beam split in two for a colliding plasma 

 

Figure 4-10: Histogram of isotope signals at a plate bias of 75 V for 3 different wedge targets – 90°, 60° and 30° 

 

Table 4.2: Tabulated values of the area under each isotope peak (V*sx10-6) at a 75 V plate bias 

 

σCu = 7% 
σC = 12% 

σCu = 7% 
σC = 12% 
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Figure 4-11: Histogram of isotope signals at a plate bias of 100 V for a flat target for a single laser pulse, half the 

original laser pulse energy, and the original beam split in two for a colliding plasma 

 

Figure 4-12: Histogram of isotope signals at a plate bias of 100 V for 3 different wedge targets – 90°, 60° and 

30° 

 

Table 4.3: Tabulated values of the area under each isotope peak (V*sx10-6) at a 100 V plate bias 

 

σCu = 7% 
σC = 12% 

σCu = 7% 
σC = 12% 
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Figure 4-13: Histogram of isotope signals at a plate bias of 150 V for a flat target for a single laser pulse, half the 

original laser pulse energy, and the original beam split in two for a colliding plasma 

 

Figure 4-14: Histogram of isotope signals at a plate bias of 150 V for 3 different wedge targets – 90°, 60° and 30° 

 

Table 4.4: Tabulated values of the area under each isotope peak (V*sx10-6)  at a 150 V plate bias 

 

σCu = 7% 
σC = 12% 

σCu = 7% 
σC = 12% 
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Figure 4-15: Histogram of isotope signals at a plate bias of 200 V for a flat target for a single laser pulse, half the 

original laser pulse energy, and the original beam split in two for a colliding plasma 

 

Figure 4-16: Histogram of isotope signals at a plate bias of 200 V for 3 different wedge targets – 90°, 60° and 30° 

 

Table 4.5: Tabulated values of the area under each isotope peak (V*sx10-6) at a 200 V plate bias 

 

σCu = 7% 
σC = 12% 

σCu = 7% 
σC = 12% 
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For the first and lowest plate bias used (50 V) one can see that the flat target plasma 

signals (180° – S, H, C) all have much a much higher population of lowly charged 

states, while the opposite is true for the narrower wedge targets. The 90° wedge angle 

yields the highest percentage of highly charged states, for both Cu and C. From an 

initial look one can observe the actual percentage distribution of isotopes in the Cu 

target. For natural copper the isotope distribution is ca. 70:30 of 63Cu:65Cu for the 

majority of the recorded signals. There is no significant difference in the isotope 

distribution for a single Cu charged state, i.e. if one isotope is affected then the other is 

affected in the same way – the 70:30 split remains constant while the overall signal may 

change. If one Cu isotope is observed, then the corresponding isotope for that charged 

state will also be found in the plasma signal with the expected 70:30 distribution. 

The 90° target also yields a higher H signal at each pass energy used, which is 

interesting as this is the only charged state for this element that is present, rather than 

the multiple ion states of both Cu and C. An initial assumption might be made from Cu 

and C ion signals that single and lowly charged states will be more prominent for only 

the flat targets - but this does not hold. 

For every pass energy that was tested one observes a notable increase in the percentage 

of highly charged states as the target angle is decreased from 180° to 90°. For the 60° 

and 30° wedges one can see a higher population of more HCIs compared to the flat 

targets, but not to the same extent as plasmas for on the 90° wedge angle targets. 

In addition, when summing up the total signal (area under each peak) for every target 

type, one can observe that the 90° target produces a significantly higher total signal for 

some pass energies (at a plate bias of ∆V = 75 V and 100 V). The lowest total signal is 

generally from the 180°-H and 30° targets for each pass energy. The reason behind this 

is obvious for the 180°-H signal as only half of the incoming laser energy is present 

compared to every other signal type, meaning the plasma plume is a far less energetic. 

However, the 30° wedge angle produces an even lower ion signal despite having twice 

the incoming laser energy. This follows the trend of decreasing ion signals from 90° to 

60° to 30°. At each pass energy some target configurations fail to produce any of the 

highly charged states of Cu and C that the 90° wedge generates. This trend becomes 

even more pronounced at higher pass energies. 
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The above Figures 4.17 and 4.18 show some of the same ion signals displayed in 

Figures 4.7, 4.8, 4.11 and 4.12, notably the 90° and 180°- C plots. The ESA signal is 

shown here with respect to the kinetic energy of the ions, rather than just the ToF values 

of Figures 4.2 and 4.3. This offers an insight to the kinetic energy distribution of the 

ions measured in electronvolts, obtained simply by applying the classical  

Figure 4-17: Kinetic energy distribution of ions from colliding plasmas formed on 90° and 180° wedge targets with 

a 50 V ESA bias 

 

Figure 4-18: Kinetic energy distribution of ions from colliding plasmas formed on 90° and 180° wedge targets with 

a 100 V ESA bias 
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 𝐾𝐸 =
1

2
𝑚𝑣2 (4.2) 

, where m represents the distinct ion masses (copper and carbon) and v is the ion 

velocity calculated from the ToF values (velocity = distance/time). These graphs serve 

to illustrate the large increase in the kinetic energy of accepted ions as the plate bias is 

increased from 50 to 100 V, as well as the increased total kinetic energy of the higher 

charged states of copper and carbon which. In Figure 4.18 in particular, for the 90° Cu 

ion signal one observes a 1200% increase in the total kinetic energy (the integrated area 

under each ion peak) of 63Cu4+ ions (117 x 10-5 eV V) when compared to 63Cu1+ (9.4 x 

10-5 eV V). This can be compared to the 180° C target, which sees a decrease of 31% in 

the total kinetic energy of the higher charged states of Cu it produces (63Cu1+ = 20 x 10-5 

eV V , 63Cu4+ = 14 x 10-5 eV V). The kinetic energy measurements plotted here line up 

with the calculated energy values displayed in Table 3.7.  
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5 Discussion 

 

 

5.1 Summary of Findings 

 

From the results displayed it has been shown that one can clearly exercise varying 

degrees of control over the ionisation distribution of the colliding plasma stagnation 

layer by altering the target geometry. 

Examining the ion signals produced from a single laser produced plasma vs a colliding 

plasma on a flat target, it is observed that at higher pass energies the colliding plasma 

exhibited a greater overall signal strength. At lower pass energies the ion signal from a 

single plasma plume was greater. So one can conclude that the stagnation layer 

produced by two seed plasmas will result in a greater percentage of more energetic 

highly charged states, a finding that corresponds with a similar experiment by P. Yeates 

et al [14]. It is believed that this is due to the increased number of collisions the charged 

particles undergo as the two seed plasmas collide and interact. More collisions also 

implies a greater recombination rate though, and this could explain why one observes an 

overall higher total signal for the single plasma plume than for that of the colliding 

plasma on a flat Cu target. 

When the wedge targets are used there is a dramatic shift in the charge state distribution 

compared to the flat target plasmas. Out of the three wedges used the 90° target signal 

displays the most dramatic results of all. For each pass energy tested there was a notable 

shift in ionisation distribution towards more highly charged states, dwarfing the ion 

signals generated from the flat targets. At a plate bias of 75 V the signal observed for 

12C3+ has an integrated value of 1.56x10-6 for colliding plasmas on a 90° target  and only  

6.0x10-9 for a pair of plasmas formed on a flat (180°) target (where the units are Vs). 

This is an increase of 260 times greater for the 90° wedge over the 180° colliding 

plasma for this ion signal and represents an extreme case. Perhaps a more realistic 

example would be the 63Cu5+ signal for the same plate bias, which gave values of 

3.37x10-6 Vs for 90° and 9.1x10-7 Vs for 180°-C cases, an ~3.7 x increase for the wedge 

target. Further comparisons can be made from the data shown in the results section with 
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increases of varying amounts for different charge states, but the overall trend of a larger 

signal for more highly charged states from the 90° target is clear. In fact this pattern of a 

significant increase in more HCIs for colliding plasmas formed on a 90° wedge target 

compared to a flat target holds true for all plate bias values. These increases are most 

dramatic at lower pass energies (∆V ≤ 100 V) as seen in Tables 4.1-4.3. 

Compared to the flat target the 90° target angle increases the highly charged ion 

component for both Cu and C, as well as increasing the single H signal, but it also 

slightly lowers the kinetic energy of detected particles, meaning there is a greater 

number of highly charged states for a 90° colliding plasma, but most prominently at 

lower kinetic energies (pass energies). While smaller target angles do still produce an 

increase in the proportion of highly charged states, the effect is less for 30° and 60° 

targets. While relative collision velocity is still increasing, which should manifest as a 

greater number of more HCIs, the narrower angles appear to decrease the forward 

velocity component of the plasma expansion. One suspects the more highly charged 

states are still being generated, perhaps even to a greater extent, but they are no longer 

reaching the ESA. This is supported by the fact that the total signal collected from the 

60° and 30° targets is far less than the 90° and 180°-C/S targets for each pass energy, 

despite the incoming total laser energy being equal in all cases (except for the halved 

laser energy case on a flat target). When one increases the relative collision velocity of 

the plumes the stagnation layer generated becomes “softer”, with increased levels of 

interpenetration between the two plumes. This softer stagnation layer and greater mean 

free path (mfp) means that instead of the ion signal being emitted primarily from the 

thin stagnation layer, there is a broader region of the plasma emitting ions. On 

decreasing the target wedge angle to 60° and 30° the interpenetration layer broadens and 

continues to emit more HCIs. The effect of having such a broad emitting region and low 

forward-velocity component for the expanding plasmas means that only a small amount 

of this signal actually ends up reaching the ESA for detection. 

In summary it is proposed that the generation of highly charged states from narrow 

wedge targets is due to the increased relative collision velocity. This higher relative 

collisional velocity of the laser plasmas expanding towards each other from the wedge 

targets results in more energetic ions and a longer ion mfp, as well as a softer stagnation 

layer, with the plasmas interpenetrating to some extent (equations 2.8 and 2.9). This 

transfer from the kinetic energy Ek of the plumes to the ionisation mechanisms within 
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the stagnation layer is responsible for the resultant greater yield of more highly charged 

states, and the decrease in more lowly charged states of both copper and carbon ions 

relative to single plasma plumes. 
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6 Conclusions and Future Work 

 

 

Ultimately this work has shown the substantial effect that target geometry can have on 

the ion distribution from a pair of laser produced colliding plasmas. By using narrow 

wedge shaped targets (especially, a 90° Cu wedge) it has been shown that one can 

significantly increase the percentage of more highly charged ion states compared to a 

similar pair of plasmas created on a flat 180° target. While the 60° and 30° wedge 

targets used did produce a slightly higher percentage of more HCIs, the effect was not 

as pronounced as in the 90° wedge case. In the particular case of colliding plasmas on a 

flat target vs a 90° wedge, an obvious trend could be seen when the integrated area 

under each ion stage was examined. By comparing the top two highest charged states of 

Cu for each pass energy tested, the 90° signal, on average, gave a three-fold increase in 

the amount of more HCIs present compared to a flat target. This was in tandem with a 

similar decrease in the amount of more lowly charged ions present from the 90° signal. 

A large part of the work completed here involved producing the correct experimental 

conditions and equipment for the tests, particularly in improving the ESA resolution to 

acceptable levels to allow one to discriminate between the charges, their isotopes and 

ionisation stages. Ideally one would have liked to examine the ion signals produced 

from a greater variety of target types, such as wedges with angles between 180° and 90° 

and also different shaped targets or plasmas such as the conical ring plumes used by 

Cabalin et al, which were investigated for their distinct photoemissions [47]. 

Some brief experiments were carried out concerning the placement of magnetic fields 

behind the wedge targets to examine the effect that might have on the plasmas and 

stagnation layer, be it accelerating the ions or perhaps altering the stagnation layer 

formation itself. However due to time constraints it was impossible to conduct further 

experiments once stable well resolved signals with the ESA had been achieved. Heating 

and manipulating plasmas through the application of external magnetic fields is 

currently of significant interest [48] and could be explored in a future project. 

An important facet to examine to truly round off this work would be to measure the ion 

signal from these targets at different angles. Instead of measuring a narrow beam of ions 

directly perpendicular to the target, signals should be measured at various angles in 
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orthogonal planes to fully characterize how the charge state distribution varies in space 

for all target configurations. 

Others have used higher laser intensities, above 1x1014 W/cm2, to influence the 

generation of more highly charged states through the nonlinear processes in the plasma 

[49]. The experiment herein used lower fluences of 3.8 x109 W/cm2 for the sake of 

higher signal resolution and system limitations, but if possible this is an area that one 

could explore in conjunction with wedge targets. 

In this vein, there are several modifications that could still be made to further improve 

the ESA resolution, making the aforementioned experiments possible as well as 

improving the signals overall. One straightforward alteration would be a longer drift 

tube length, allowing the charged particles more time to spatially separate while 

travelling from target to detector, increasing the ToF. This is entirely dependent on the 

setup and laboratory space and materials available for the experiment (which were not 

available at the time) but is a largely trivial modification that allows the use of the 

increased laser fluence discussed previously. There are also changes that could be made 

to the detector itself by further increasing certain physical dimensions that were already 

investigated somewhat (specifically, by using a smaller entrance and exit slit width to 

reduce the range of pass energies allowed through the detector). From the ESA 

resolution dependencies (equation 3.7) one can see that by increasing the radial length 

of the curved plates it is possible to further fine-tune the charge-to-mass discrimination 

effect. This increases the arc length of the mean radial path r0 that the ideal charged 

particle travels along, resulting in a narrower range of pass energies Ep ultimately 

reaching the electron multiplier. From the same ∆E equations it is clear that decreasing 

the slit width also improves the resolution, limiting the range of kinetic energies of ions 

allowed to pass.  
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Appendix 

  

  

Appendix Figure 1: ESA-ToF mass spectrometry measurements at 50 V plate bias 
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Appendix Figure 2: ESA-ToF mass spectrometry measurements at 75 V plate bias 
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Appendix Figure 3: ESA-ToF mass spectrometry measurements at 100 V plate bias 
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Appendix Figure 4: ESA-ToF mass spectrometry measurements at 150 V plate bias 
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Appendix Figure 5: ESA-ToF mass spectrometry measurements at 200 V plate bias 

 


