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SUMMARY

Repetitively pulsed (RP) laser propulsion, is one of the concepts of beamed energy 

propulsion, which has the potential of placing kilograms of payload mass fraction into 

earth orbits. RP propulsion systems have the capability of increased multiple missions 

for a given time frame due to the utilization of an off-board reusable energy source (such 

as a laser-based launch equipment) located either on earth or in space. Compared to 

conventional chemical rocket systems, laser-induced plasma discharges for propulsive 

applications have high specific impulse and thrust, low lift-off weight, as well as being 

comparatively inexpensive  

Laser supported detonation (LSD) is a propagation regime in which a laser-induced 

plasma discharge interacting with an incident laser beam, absorbs the beam energy and 

efficiently propagates an ionization wave capable of inducing thrust. LSD is an over-

driven detonation in which the laser-induced discharge (LID) drives a shock wave. 

Transition of the LSD regime to a laser supported combustion (LSC) regime occurs when 

the intensity of the pulsed laser decays below a required threshold. In the LSC regime, 

the driven shock wave propagates adiabatically and results in inefficient transfer of 

energy for propulsion. Therefore, understanding the Physics of laser absorption and the 

energy conversion processes of an LID wave is necessary to design and develop efficient 

laser-propelled thrusters. 

The objectives of the study were given as first, experimentally demonstrate in various 

gases, that the LID propagation in sufficiently large effective beam diameter 𝐷, can 

uniquely define the LID extension velocity 𝑈LID, as a function of the laser intensity 𝑆; 
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𝑈LID ∝ 𝑆
𝛼, as well as obtain the exponential parameter 𝛼 for various gases. The second 

was to evaluate and validate a 1-D LID photoionization model proposed by Shimamura, 

by comparing analytical results to that of experiment. 

𝑈LID was measured in helium and argon gases using laser shadowgraph technique, with 

a CO2 gas laser as the source for discharge induction. The dependence of 𝑈LID on gas 

species and laser beam diameters were ascertained. A threshold value of the beam 

diameter, was necessary to uniquely define the relation 𝑈LID ∝ 𝑆
𝛼. The 𝐷 sufficiently 

large to uniquely define the relation 𝑈LID ∝ 𝑆
𝛼  and to eliminate lateral dissipation of 

energy was 7.2 mm in all the gases studied. Moreover, the slopes of the relation (𝛼) were 

different from that of Chapman-Jouguet detonation theory. The slopes were 1.18, 0.46 

and 0.23 respectively, for helium, air and argon gases. These differences would be a key 

to understanding the physics of LID. The differences validate the hypothesis of this study 

that the LID propagation is a discharge-based phenomenon. Thus, the extension velocity 

𝑈LID, should be determined from discharge-based physics and not fluid dynamics. 

𝑈LID was analytically obtained using Shimamura’s 1-D LID photoionization model with 

experimentally obtained propagation properties of the induced discharge as input. The 

objective was to evaluate and validate the model by comparing analytically obtained 

results to that of experiment. The electron number density and excitation temperature of 

the bulk plasma were obtained from optical emission spectroscopy experiment. The 

spectra obtained for the argon gas could not be classified as either from an optically thick 

or thin plasma. Thus, the measured properties of argon gas were not used for the 

validation of the model. The 1-D LID model could reproduce the increasing slope 

tendency of 𝑈LID as a function of 𝑆 in helium plasma. However, the absolute values of 

𝑈LIDwere 300% - 600% overestimated. This is because of the 100% utilization of 
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absorbed energy for ionization assumed in the model. The model does not consider the 

consumption of absorbed energy for excitation of neutral particles. 

The percent values of absorbed energy used for ionization was obtained to be 5% - 25% 

as a function of intensity for the LID helium plasma. Less energy was consumed for 

ionization in low intensity region compared to high intensity region. This observation 

contradicts the 100% utilisation of absorbed energy for ionization in the Shimamura’s 1-

D LID model. Based on the obtained results, the study concluded that higher excitation 

energies are necessary to sustain the induced discharge, especially in the low intensity 

region. In order to improve the model, a two-step ionization process accounting for 

fractions of absorbed energy was proposed to be incorporated in to the 1-D LID model. 

This involves energy storage in neutral particles’ excitation mode and subsequent 

ionization via collisions of excited neutrals with field-accelerated electrons. 
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CHAPTER 1

INTRODUCTION 

1.1 Beamed Energy Propulsion Overview 

Beamed energy propulsion (BEP) is a propulsion concept in which collimated 

electromagnetic wave beam is used as a source of energy to propel a thruster. Currently, 

chemical rocket systems are the reliable and dependable way of accessing outer space in 

spite of their expensiveness. Launch costs of conventional chemical rocket systems range 

from approximately $5,000 per kilogram for low earth orbit (LEO), approximately 

$15,000 per kilogram for geostationary transfer orbit (GTO)1 and up to about $30,000 

per kilogram for geosynchronous earth orbit (GEO), depending on its orbital inclination.2 

It is quite interesting to note that the CEO of SpaceX stated that: “If one can figure out 

how to effectively reuse rockets just like airplanes, the cost of access to space will be 

reduced by as much as a factor of a hundred.”.3 However, making the rockets reusable 

significantly affects its payload performance. For instance, according to SpaceX, a 

reusable version of their Falcon 9 rocket can lift 50 percent less payload of the fully 

expendable version, whiles the reusable version of their Falcon Heavy rocket can only do 

about 2.8 times less the payload of the expendable version.4 This limitation on payload, 

even for the reusable versions of the current rocket systems is of grave concern and has 

significant restrictions on future space access for various missions. 

Making use of systems that do not require an on-board energy source is one potential way 

to solve the high cost and payload limitations of current rocket systems. In this regard, 

BEP is one of the plausible ways, in which the energy source (laser/ microwave) could 
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be located either on earth or at a station in space. Another proposed system is the mass 

driver method, where high projectile acceleration is achieved via the application of 

electromagnetic force.5-6 BEP has the potential of placing kilograms of payload mass 

fractions into earth orbits and the capability of increasing multiple missions for a given 

time frame due to the utilization of an off-board reusable source. Recent technological 

advances towards the development of high power oscillators for both lasers and 

microwaves make launch applications feasible. Moreover, the technological advances in 

beam pointing, tracking and focusing would be necessary for reaching targeted orbits.  

A photon propulsion concept was first introduced by Sanger in 1953.7 The first 

microwave concept was introduced by Shad and Moriarty in 1965.8 In 1972, Arthur 

Kantrowitz was the first to propose a laser propulsion concept powered by a high-power 

ground-based laser.9 Michael Minovich in that same year, proposed an in-space laser 

propulsion concept utilizing a remote power station.10 In this study, repetitively pulsed 

(RP)11 laser propulsion is the concept of BEP considered. 

1.2 Laser Propulsion and Detonation System 

Based on the physics of thrust generation, BEP concept devices are categorized as: 

i. Heat exchanger thrusters 

ii. Detonation thrusters (plasma formation via breakdown of ambient gas) 

iii. Ablative thrusters 

iv. Photonic laser thrusters.12 

Based on the transmission mode, laser propulsion is categorized as continuous wave 

(CW) or repetitively pulsed (RP). In CW laser propulsion, the laser-induced discharge 

plasma termed as laser sustained plasma (LSP) is confined and maintained by the inverse 

bremsstrahlung (IB) process. This process heats the propellant gas to a higher temperature 

resulting in a relatively higher specific impulse 𝐼𝑠𝑝 than that of chemical rocket systems. 
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CW laser propulsion is considered to be a candidate for in-space propulsion since the 

current power levels of this device in the several kW rating, is insufficient for ground-to-

space launch applications. In RP laser propulsion, pulsed laser irradiation ablates the 

surface of a target, termed as laser ablation, or focused laser beam breaks down an 

ambient gas to produce plasma. This process of plasma formation is termed as laser-

induced plasma (LIP). In contrast to CW, RP laser propulsion is a suitable candidate for 

ground-to-space launch applications due to its MW class rating. This is because, the high 

temperature plasma formed by RP laser systems has the potential to increase the 

generated thrust. The concepts of highway of light and beam riding when successfully 

implemented would make long distance tracking and beam pointing to vehicles 

unnecessary.13 More so, Claude Phipps proposed that laser microthrusters whose on-

board diode lasers are supplied power from an array of solar panels, are a candidate for 

precise orbital positioning and attitude control of satellites.14 Different forms (depending 

on the shape of the thruster) of propelled devices have been proposed and experimented 

with. These include the flat plate, pulsejet15 and the laser in-tube accelerator (LITA).16 

Laser propulsion concept is a potential resource saving alternative with cost minimisation 

and low emission advantages. Very high 𝐼𝑠𝑝  and thrust are attainable in an air-breathing 

flight mode within the earth’s atmosphere due to the elimination of mass penalty of 

carrying an on-board energy source.17 This gives the vehicle a low lift-off weight.18 The 

RP laser detonation thruster working gas is laser heated rather than combusted. Thus, it 

is a pulse detonation engine (PDE) without heavier equipment such as combustion 

chamber or turbo-pump systems; making the vehicle structure simple and relatively 

cheaper. It is important to emphasise that the laser equipment which is expected to be 

much more expensive than the launch cost is easily accessible, maintainable and 

replaceable as it is located either here on earth or in a space-based station. The proof of 
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the laser propulsion concept has been demonstrated by the laser Lightcraft: a typical 

detonation thruster.19 It is projected that it is feasible for the laser propulsion vehicle to 

reach GEO without parking in LEO.20 Brandstein and Levy showed that a 100 kg class 

satellite could be placed into GEO orbit with a 100 MW class laser power delivering kJ 

output levels per pulse.21 

The conceptual design of the RP laser detonation thruster is as shown in Figure 1.1; 

typical examples are the bell nozzle type and the Lightcraft. The PDE cycle of the laser 

thruster is described pictorially in Figure 1.2 and as follows. A laser beam of typical 

wavelength and pulse width of ~µm and ~µs respectively is focused inside the bottom of 

the thruster to induce a discharge wave. The discharge wave generates a blast wave whose 

reflection off the inner wall of the thruster imparts thrust to the vehicle (Impulse 

generation). Refilling of gas takes place when the ambient pressure within the thruster is 

much lesser than the atmospheric condition, and the cycle is repeated. Katsurayama et. 

al. proposed three modes of flight operation, namely: pulsejet mode (within an altitude 

range of 0 ~ 7 km), ramjet mode (within an altitude range of 7 ~ 40 km) and the rocket 

mode (beyond 40 km). In the rocket mode, an on-board propellant would be necessary 

for thrust generation. 

1.3 Laser Supported Detonation and Induced Discharge 

A detonation wave is a supersonic propagating wave across which state properties such 

as density, pressure and temperature change or increase rapidly, and it is predominantly 

followed by an energy release across the wave. When a focused laser beam’s intensity 

exceeds the breakdown threshold for the ambient gas, breakdown of the gas occurs 

leading to the formation of plasma (laser-induced plasma). 

The laser-induced breakdown of the ambient working gas is possible with a laser intensity 

𝑆, ranging from 1014 ~ 1015 W/m2.22 



5 
 

 

 

Figure 1.1 Conceptual design of RP laser detonation thruster: (a) Bell nozzle type, (b) 

Spike nozzle type (typical example is the Lightcraft). 

 

Figure 1.2 Pictorial description of PDE cycle of the laser detonation thruster. 

However, this value is reducible to about 3 orders of magnitude less when the breakdown 

is induced at about 1 ~ 2 mm above a metal target plate.  

Laser supported detonation (LSD) is a propagation regime in which a laser-induced 

plasma discharge, interacting with an irradiating incident laser beam, absorbs the beam 

energy and efficiently drives an ionization wave with the potential to induce thrust. In 

Laser Ignition and 

Energy Absorption
Impulse Generation Refill of Fresh AirBlast wave expansion

(a) 

(b) 
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this regime the induced plasma is heated isometrically.23 The conservation of mass 

necessitates the requirement for the existence of a supporting piston action or an 

expansion wave behind the LSD. However, the LSD is a propagating wave without the 

piston mechanism (freely propagating detonation). Thus, the LSD is a weak24 over-driven 

detonation in which the laser-induced discharge (LID) drives a shock wave. When the 

intensity of the pulsed laser decays below a required threshold, the LSD regime 

transitions into a laser supported combustion (LSC) regime. In the LSC regime, the driven 

shock wave propagates with an isobaric condition which results in an inefficient transfer 

of energy for propulsion. It is therefore important to understand the physics of laser 

absorption and the energy conversion process of an LID wave, so as to achieve the design 

and development of efficient laser-propelled thrusters in the future. 

The LSD which is a type of optical detonation has a different detonation wave structure 

compared with chemical detonation wave structure. This is illustrated diagrammatically 

in Figure 1.3. The wave structure of chemical detonation is defined by the ZND model 

due to the principal contributions from Zeldovich,25 von Neumann26 and Doring.27 In the 

ZND model, a leading shock front compresses and heats the combustible gas. The shock 

front is followed by an approximate thermally neutral induction zone where excited/ 

radical species are generated from the shock-heated gases. The induction zone is then 

followed by a reaction layer where a significant amount of chemical energy is released. 

The propagation mechanism is thus shock-induced. It is worth mentioning that, the 

induction zone presents an ignition lag between the leading shock and the reaction layer 

in the ZND model. In the LSD wave structure, the shock and the laser-induced plasma/ 

discharge layer propagate together, thus eliminating the consequences of an ignition lag 

and enhancing the absorption of the laser energy. Moreover, the propagation mechanism 
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of the LSD wave structure is discharge-induced and not necessarily regulated by shock 

compression effect. 

 

Figure 1.3 Detonation wave structure of chemical detonation and LSD. 

At the threshold laser intensity 𝑆, where the LSD transitions to the LSC, the extension 

velocity 𝑈LID , of the LID wave is defined by the Chapman-Jouguet (CJ) detonation 

velocity 𝑈CJ. In chemical detonation theory, CJ point (shown in Figure 1.4) is determined 

from choking flow condition; thus 𝑈CJ which is defined in Equation (1.1) has a sonic 

condition behind it. 

                                                            𝑈CJ = [2(𝛾
2 − 1)

𝑆

𝜌
]

1
3
.                                                 (1.1) 

Where 𝛾 , 𝑆  and 𝜌  are respectively, the specific heat ratio of the ambient gas, laser 

intensity and gas density. Figure 1.4 show a 𝑝 − 𝑣 diagram with a Hugoniot curve (locus 

of equilibrium states), Rayleigh lines (lines of constant detonation velocity) and an 

adiabat.28 𝑝 and 𝑣 are respectively the pressure and specific volume. The subscripts 0 and 
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1 represent reactant/ upstream and products/ downstream conditions respectively. 

Thermodynamic descriptions of the LID propagation have demonstrated that LID is weak 

over-driven phenomenon.29,30 The points B (strong) and C (weak) on the diagram 

represent the over-driven detonation conditions. Knowledge of the detonation velocity at 

these points is essential for predicting and understanding the propagation condition 

behind the detonation wave. An accurate prediction of the extension velocity of the LID 

𝑈LID , is therefore necessary to define the propagation properties behind the LID for 

propulsive applications. 

 

Figure 1.4 Hugoniot curves, Rayleigh lines, CJ and over-driven detonation in the 𝑝 − 𝑣 

plane. 

1.4 Previous Studies 

Raizer investigated the LSD termination29 and proposed that termination occurred when 

the lateral expansion becomes comparable to the front propagation. The influence of the 
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focusing 𝑓 number,31 ambient pressure32 and laser power density33 on the propagation 

properties of the LSD wave were investigated by Mori. Raizer’s lateral expansion effect29 

were investigated by Ushio et al.23 Their work showed that lateral dissipation is reducible 

by mechanically restricting the flow in a quasi-1D space using a wedged nozzle. As a 

result of this restriction, the measured transition threshold laser intensity as well as the 

LID wave velocity were of better optimal performance characteristics for the quasi-1D 

confined space compared with the 2-D unconfined geometry. Shimamura et al studied 

the internal structure of the LID wave via a two-wavelength Mach-Zehnder 

interferometry in air.34 Their research work revealed a non-zero electron number density 

𝑛e distribution at the shock front. This precursor has been also observed in streamer 

discharge and other related studies.35-38 Propagation regime transition have also been 

investigated via Hugoniot analysis.39 

Ramsden and Savic were one of the pioneers to introduce the term radiation-supported 

detonation wave.40 They concluded per their study that, the latter phase of a laser-

generated plasma, which is post LSD could be best described by Taylor's blast wave 

theory.41 Raizer proposed three independent mechanisms (i.e. breakdown, hydrodynamic 

and radiative) for the propagation of the laser-absorption (LID) wave.42 Raizer explained 

that shock-heating induced ionization and thus regulated the propagation of the LID wave. 

He showed that hydrodynamic and radiation mechanisms gave approximately same 

propagation velocities and concluded that due to complicated and incomplete data on the 

ranges of radiation, neither hydrodynamic nor radiation mechanisms were dominant.  

Our studies34,43 show that plasma propagation is a radiative-induced phenomenon and 

thus pre-ionization due to photo-absorption and photoionization play a significant role. 

The precursor (seed electrons) formed ahead of the shock front due to the (ultra-violet) 

UV radiation from the laser-induced plasma, influences the propagation of the LID before 
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the onset of shock compression effect. Therefore, it is reasonable to state that Raizer’s 

theory of detonation (based on hydrodynamic relations) is inadequate to describe the 

phenomenon observed in laser produced plasmas. Thus discharge-based physics is 

required to explain the generation and propagation mechanism of the LID wave. The non-

zero 𝑛e  distribution at the shock front could be due to two production mechanisms 

namely: electron diffusion and/ or photoionization effect. Considering air at atmospheric 

conditions as the ambient gas within which the plasma is induced, and taking into account 

the energy range starting from the ionization potential of oxygen molecule O2 (12.06 eV) 

to about 200 eV, the mean-free path of electronic collisions 𝜆mfp,e, is on the order of 

0.1 − 1.0 μm based on the cross sections44,45 within the energy range. For the same 

energy range, the mean-free path of photo-absorption 𝜆mfp,pa, is on the order of 10 −

100 μm based on the cross section within the energy range.46 Thus, photoionization, 

comparatively has a significant effect on the formation of the precursor. In order to study 

and understand this effect, Shimamura et al proposed a 1-D LID photoionization model43 

to describe the propagation mechanisms and properties of the LID wave. 

1.5 Shimamura’s 1-D LID Photoionization Model 

The 1-D LID photoionization model defines the extension velocity of the LID 𝑈LID, as a 

function of the ionization frequency 𝜈i, which is dependent on the input laser intensity 𝑆. 

The model’s derivation concept is synonymous to that of streamer discharge physics and 

is deduced from the charge conservation principle. The equation for charge conservation 

is as shown in Equation (1.2).  

                               
𝜕𝑛𝑒
𝜕𝑡

⏞
charge evolution

+   𝛻. (𝑢e𝑛e) − 𝐷e𝛻2𝑛e
⏞            

transport

= 𝑆⏞
source𝑠

.                            (1.2) 
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Where 𝑢e, 𝐷e, and 𝑆 are the electron drift velocity, electron diffusion coefficient and 

source term(s) respectively. 

Streamer discharges are plasma channels which propagate by inducing ionization wave 

ahead of the streamer charged head. The streamer head has a strong self-consistent 

electric field that induces the ionization and sometimes photoionization could occur due 

to the radiation from the whole plasma volume. Streamers are triggered when the space-

charge field becomes comparable to the applied field. The streamer charge processes 

involve: 

✓ Electron transport and avalanche ionization 

✓ Space-charge distortion effect of electric field 

✓ Photoionization due to UV radiation from bulk plasma volume. 

The temporal variations of laser schlieren images for streamer channels and shock waves 

induced by a positive pulsed corona discharge of 26 kV is shown in Figure 1.5.47 

Equation (1.3) describes the 1-D LID photoionization model and its derivation is detailed 

in References 30 and 43. 

                                                       𝑈LID =
𝜈i𝑙

ln (
𝑛e.peak

𝑛e.f⁄ )
.                                                 (1.3) 

Here 𝑛e.peak  and 𝑛e.f  are the electron number density respectively, at the peak and 

precursor locations, 𝑙 is defined as the distance between the peak and precursor positions 

(see Figure 1.7), and it is estimated based on the inverse bremsstrahlung absorption of 

the source laser. 

For bulk plasma conditions of a 12 Joule CO2 laser-induced plasma (𝑛e~10
24 m-3 and 

electron temperature 𝑇e~ 2 eV), 𝑙 is for instance, estimated to be 0.51 mm and 0.58 mm 

respectively, for argon and helium gases. The precursor position is defined as the point 

of non-zero 𝑛e distribution ahead of the ionization (LID) wave. The peak position is 
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defined as the point of full absorption. The pictorial and graphical description of the 

model are as shown in Figures 1.6 and 1.7 respectively, with only right-propagating UV 

photon flux considered. The model is described by the following processes. 

 

Figure 1.5 Temporal variation of laser schlieren images after the application of a 26 kV 

discharge pulse.47 
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Figure 1.6 Pictorial description of the 1-D LID photoionization model. 
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First, the photon flux 𝜙 (total number of photons per unit area per second) from the bulk 

plasma region is absorbed by the ambient gas ahead of the ionization wave. The 

generation of seed electrons is the next process, and this occurs when the ℎ𝜈 (photon 

energy) of the 𝜙 exceeds the ionization potential of the gas.  
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Figure 1.7 Graphical representation of the 1-D LID photoionization model. 

Third, the seed electrons’ interaction with the incident laser beam leads to electronic 

heating of particles via the inverse bremsstrahlung (IB) absorption process. This then 

results in avalanche ionization and the subsequent formation of the precursor. 

The precursor number density distribution 𝑛e.f, is defined as a function of 𝜙 and is as 

shown in Equation (1.4). 

                                                                          𝑛e.f =
𝜙

𝑈LID
 .                                                                   (1.4) 

The photon flux 𝜙 is estimated from the total volumetric radiation (both continuum and 

line emissions) by integrating over frequencies with ℎ𝜈 above the ionization potential of 

the ambient working gas. 
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The 1-D LID model took into account only forward rate mechanism. A 3-body 

recombination mechanism was incorporated by redefining 𝜈i  as effective ionization 

frequency 𝜈eff and is given in Equation (1.5). 

                                                             𝜈eff = 𝜈i − 𝑘re𝑛e
2 .                                                     (1.5) 

𝑘re is the recombination coefficient.48 A zero-dimensional analysis of the LID extension 

velocity was attained for the cases with and without recombination effect, 𝑈R and 𝑈est 

respectively, in argon and nitrogen gases.49 The results revealed that recombination 

mechanism is quite significant. The comparisons with experimental observations are as 

shown in Table 1.1 and Figure 1.8 as a function of the laser intensity. The experimentally 

measured values were set as the per unit base values. 

Table 1.1 Measured and Estimated velocities based on the model. 

Parameters Argon Nitrogen 

Measured 𝑈, kms-1 1.0 1.0 

Estimated 𝑈R, kms-1 1.17 ± 0.14 1.13 ± 0.26 

Estimated 𝑈est, kms-1 1.50 1.52 

 

1.1 Research Objectives 

Supersonic propagation (expansion) regimes of laser-induced discharges/ plasmas are 

categorized or characterized based on 𝑈LID as a function of 𝑆. These propagation regimes, 

in an order of increasing discharge velocity for a given 𝑆, are LSD wave,29,31,50-52 laser-

supported radiation wave (LSRW) and fast ionization wave (FIW).53-56 One of the 

ultimate futuristic objectives of this study is the space propulsion applications of laser-

induced discharges. This study therefore is limited to the LSD wave regime at which 𝑆 <

103 GWm-2. The reason being that, LSD wave with 𝑆 > 103 GWm-2, as well as LSRW 

and FIW regimes which are usually characterized for 𝑆 > 103  GWm-2, do not have 

substantial pressure build-up for efficient propulsive effect. 
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Figure 1.8 Measured and estimated LID velocities as a function of laser intensity.49 

(Effective laser beam diameter D = 2.0 mm) 

Raizer predicted a power function law with an exponential value based on hydrodynamic 

relations, such that 𝑈LID ∝ 𝑆
𝛼42 and whose minimum value is defined by the Chapman-

Jouguet detonation velocity 𝑈CJ, for which 𝛼 = 1 3⁄ . The threshold value of the effective 

beam diameter at the focus 𝐷, for which 𝑈LID is uniquely defined as function of the laser 

intensity 𝑆 , was investigated by Matsui et al. Their experiments were conducted in 

atmospheric air with and without confinement of the LID wave. They concluded that a 

unique relation exists between 𝑈LID and 𝑆 when the effective diameter 𝐷 > 5.1 mm.57 It 

must be noted that, this unique relationship is independent of the input laser power or 

energy. Thus, the phenomenon does not depend on the propagation history and is as 

evidenced in Figure 1.9. 

The objectives of this study were to first, investigate the influence of the ambient gas 

content on the extension velocity of the LID. This is because, a study of the dependence 

of 𝑈LID on 𝑆 is essential for understanding the sustenance of the LSD wave regime. The 

gases used were helium and argon at standard atmospheric conditions. These monoatomic 

gases were utilized in this study for their simple ionization kinetics which could easily be 
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studied both analytically and computationally. Moreover, the use of different gas species 

serves the purpose of identifying potential on-board propellants for the rocket mode 

application of laser propulsion.  

 

Figure 1.9 𝑈LID as a function of the laser intensity 𝑆 obtained for 8 J and 10 J laser ouptuts, 

with and without confinement for 𝐷 > 5 mm.57 

Second, this study sought to accurately predict 𝑈LID  using Shimamura’s 1-D LID 

photoionization model, as well as to validate the applicability of the model by comparing 

analytical solutions with that of experiment. This is because, a discharge model which 

accurately describes the propagation phenomenon, mechanisms and interactions of an 

induced plasma discharge is vital for the design of efficient laser-propelled thrusters in 

the future. 
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The objectives of this thesis are summarized as follows: 

✓ Experimentally demonstrate in various gases, that LID propagation in sufficiently 

large 𝐷 conditions can uniquely define 𝑈LID ∝ 𝑆
𝛼, as well as obtain the parameter 

𝛼 for various gas species. 

✓ Evaluate and validate the conventional 1-D LID photoionization model via 

comparing predicted 𝑈LID by the model with measured (experimental) 𝑈LID. 
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CHAPTER 2

MEASUREMENT OF THE LID EXTENSION VELOCITY IN 

ARGON AND HELIUM 

2.1 Elimination of Lateral Dissipation Effect 

Lateral dissipation flow could be described as the streaming out or loss of photon particles, 

energetic electrons and neutral particles from the induced discharge flow and results in 

enthalpy loss necessary for sustaining the propagation wave. The effect of this non-

contributing flow was investigated by Raizer29 who described it in terms of the ratio of 

the plasma absorption thickness L, to its diameter D. He investigated the transition of 

LSD to LSC in terms of L and D This is pictorially shown in Figure 2.1 and is described 

as follows. In this chapter, the discussion on the effects of L and D is extended to 𝑈LID. 

When L is comparable to D (L D⁄ = 1~4), lateral dissipation is significant and contextual 

1-D propagation analysis is not feasible. However, when L ≪ D, lateral dissipation is 

negligible and 1-D propagation of the induced discharge is attainable. 1-D propagation 

of the discharge is useful for comparison with simple analytical and numerical studies. A 

sufficiently large D  is attainable by an array of lasers. However, for the purpose of 

studying the effect of lateral dissipation within the laboratory environment, large D was 

attained by redesigning the focusing optics of the laser beam. 

Figure 2.2 shows the discharge extension velocity 𝑈LID, in air as a function of the laser 

intensity 𝑆. The figure shows the experiment information of a point focus and a line focus of the 
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laser beam, whose effective beam diameters 𝐷 at the focus are respectively, 1.2 mm (1.3 mm × 

1.5 mm) and 0.5 mm (0.5 mm × 30 mm).23,31. 

Here we observe that 𝑈LID is not uniquely defined as a function of 𝑆 and thus the effective 𝐷s 

were not sufficiently large enough to ensure a unique 𝑈LID ∝ 𝑆
𝛼  relation. 

 

Figure 2.1 Pictorial description of lateral dissipation 

Observing the data for line focusing, geometrical confinement or non-confinement had 

no influence on the discharge propagation velocity and thus the relation 𝑈LID ∝ 𝑆
𝛼 is not 

uniquely defined. This is shown in Figure 2.3. This reasoning is corroborated by the 

results of Matsui et al57 who conducted their study with and without geometrical 

confinement. They concluded that, the uniqueness of the relation 𝑈LID ∝ 𝑆
𝛼 is dependent 

on a certain threshold value of 𝐷 and not on confinement geometry. The threshold 𝐷 in 

their study was 5.1 mm. Figure 2.4 shows the extension velocity 𝑈LID as a function of the 

laser intensity 𝑆  for induced discharges with 𝐷 ≥  5.1 and 𝐷 <  5.1 mm. Thus, the 

specification of a sufficiently large 𝐷 is necessary for the unique definition of 𝑈LID ∝ 𝑆
𝛼 . 

LATERAL DISSIPATION FLOW

ENTHALPY FLOW
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Figure 2.2 LID extension velocity as a function of 𝑆 , using point focusing and line 

focusing laser optics.57 

50 100 150 200

2

3

 
 Confined

 Unconfined

P
ro

p
a
g
a
ti

o
n

 v
el

o
ci

ty
, 
k

m
/s

Laser intensity, GW/m
2

Ambient gas: Air at 1 atm

 

Figure 2.3 LID extension velocity as a function of 𝑆, using a line focusing laser optics 

with and without confinement geometry.23 
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In this study, this unique relationship and its dependence on 𝐷 was investigated in argon 

and helium gases. 

 

Figure 2.4 LID extension velocities 𝑈LID, for induced discharges of laser optics with 𝐷 ≥

5.1 mm and 𝐷 < 5.1 mm. (For 𝐷 < 5.1 mm, velocity values are below the solid fit line.) 

2.2 Experimental Apparatus and Setup 

In this section, the laser source and its characteristics, the focusing optics and the imaging 

devices are described.  

2.2.1 Laser source and Focusing Optics 

A transversely excited atmospheric (TEA) CO2 pulse laser with nominal energy of 12 J 

was used to induce plasma for the experiments. The output energy was however, 

controlled within 5 J to 12 J for the purpose of avoiding multiple breakdown phenomenon. 

Thus, in this study, only induced discharges with single breakdown were studied. This is 
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due to the simplicity in studying single breakdown discharges as one whole unit 

interacting with the irradiated laser beam. The laser source is a product of Usho Optical 

System. Its beam was in the high-order multi-transverse mode. The laser beam’s effective 

diameter 𝐷, and cross-section were 34 mm and approximately 30 × 30 mm2 respectively. 

The lasing gas comprises helium, nitrogen and carbon dioxide; and has a fill pressure of 

approximately 120 kPa. The nominal energy increases with the fill pressure. A picture of 

the CO2 laser and its specification are shown in Figure 2.5 and Table 2.1 respectively. 

Figure 2.6 shows the variation of the laser pulse energy with the fill pressure in the laser’s 

discharge tube used in this study.58 This is an increasing function of the fill pressure, 

representative of CO2 gas lasers.59,60 

 

Figure 2.5 Picture of the TEA CO2 laser (exterior). 

A gentec-EO joule meter (model QE50LP-H-MB) was used to measure the pulse energy 

before and after the experiments. The joule meter has a maximum measurable energy 

without attenuator of 15 J and an effective aperture size of 50 mm×50 mm. This was to 

ensure that the shot-to-shot pulse energy deviations were kept below ±5% throughout 

experiments. 
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Table 2.1 CO2 laser specifications. 

Model № IRL-1201 

Nominal energy 10 J 

Repetition single,0.1～0.5 Hz 

Gas fill pressure 120 kPa 

Output wavelength 10.6 µm 

Impressed voltage ~ 10 kV 

Ei fluctuation < ± 5 % 

Beam size 30 mm × 30 mm 

Power source AC100V 50／60Hz 3A 

Laser gas composition He: N2: CO2 = 84: 8: 8 

 

40 60 80 100 120
2

4

6

8

10

12

 

P
u

ls
e 

en
er

g
y

, 
J

Fill pressure, kPa
 

Figure 2.6 Plot of laser pulse energy versus fill pressure. 

Figure 2.7 shows an image of the joule meter used in the experiments. 

The pulse shape of the laser beam was detected using a photon-drag detector (Hamamatsu 

photonics-B749). The specification and image of the detector are shown in Table 2.2 and 

Figure 2.8 respectively. The laser beam’s spatial intensity profile has Top-hat and 



24 
 

approximately Gaussian shapes in separate directions. The laser pulse has a leading-edge 

spike with an exponentially decaying tail, and at about 3.5 µs, 95% of the laser energy is 

discharged. The full width at half maximum was 0.12 ± 0.02 µs for the 10 J output case. 

Figure 2.9 shows the pulse shape of the CO2 laser. The temporal change in the decaying 

tail power 𝑃tail, can be approximately described by the following relation: 

                                             𝑃tail = 𝑃o,tail exp (−
𝑡

𝜏d
) ,                                                         (2.1) 

where 𝜏d is the tail decay constant and a function of the fill pressure. 

 

Figure 2.7 Image of the gentec-EO joule meter (model QE50LP-H-MB). 

Table 2.2 Photon-drag detector specification. 

Model № B749 

Aperture diameter 50 mm 

Sensitivity 1.2 V/MW 

Rise time (10 ~ 90%) < 1 ns 

 

The laser beam was focused by two distinct sets (each set is a pair) of off-axis gold-coated 

cylindrical mirrors and an anti-reflection (AR) coated Zinc-Selenide (Zn-Se) convex lens, 

in order to respectively achieve effective beam diameters 𝐷, of 9.1, 7.2 and 5.1 mm. The 
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gold-coated mirrors have an average reflection value of 98% whiles the AR coated Zn-

Se has an average transmission value of approximately 97%. The laser beam was  

 

Figure 2.8 Image of the photon-drag detector (Hamamatsu photonics-B749). 

 

Figure 2.9 Pulse shape of CO2 laser. 

focussed onto an aluminium target plate in a chamber. Ablation was not observed on the 

surface of the target, and the experiments were carried out at 1 atm and under room-
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temperature conditions. The schematic diagram of the CO2 laser focusing setup for the 

respective effective diameters 𝐷, are shown in Figure 2.10. 

2.2.2 Light Source, Imaging Apparatus and Experimental Setup 

A diode pumped solid-state (DPSS) laser (continuous wave (CW), 532 nm, 1.45 W) was 

used as the probe light/ beam for the shadowgraph study of the induced discharge 

propagation. A spatial filter (with a 10 µm pinhole) was used to remove unwanted 

multiple-order energy peaks and spatial noise from the probe beam before traversing the 

test section. A pair of N-BK7 plano-convex spherical lenses with focal lengths of 500 

mm and 300 mm respectively, were used to collimate the probe beam from the test section 

onto an imaging device. Images of the laser-induced plasma were taken using an Ultra 8 

intensified charge coupled device (ICCD) camera, specifications of which are as shown 

in Table 2.3. 

 

Figure 2.10 Schematic diagram of the focussing setup for the respective effective 

diameters. 
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Table 2.3 ICCD camera specification. 

Product name Ultra 8 

Company DRS Technology 

Resolution 520 × 520 pixels per frame 

Exposure time > 10 ns 

Camera sequence Multiple 

Frame per second 0.9 

 

A pulse delay circuit/generator (Stanford Research Systems, Inc., Model №: DG535, rise 

time: 2 ns) was used to synchronize the operations of both the CO2 laser and the ICCD 

camera, by receiving an electrical signal from the laser device and transmitting a 

transistor-transistor logic signal depending on the delay setting to the camera. The 

temporal and spatial resolutions of the experimental setup were 30 ns and 36 µm, 

respectively. Figure 2.11 shows the schematic diagram for the shadowgraph experiment 

setup in this study. 

 

Figure 2.11 Schematic diagram of the shadowgraph experiment setup. 

The laser beam quality factor for each spatial distribution is an important information 

necessary to design the focussing optics of the setup, in order to achieve the desired 
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effective diameters 𝐷. The beam quality factor for the Gaussian distribution 𝑀G
2, and 

Top-hat distribution 𝑀T
2 , were estimated as 20 and 50 respectively. The effective 

diameter at the focus 𝐷, is defined as: 

                                                              𝐷 = 2√(𝐷G𝐷T 𝜋⁄ ) .                                                   (2.2) 

Where 𝐷G and 𝐷T are respectively, the diameters at the focal point of the Gaussian and 

Top-hat distributions. These diameters are functions of the beam quality factor and their 

definition is given by Equation (2.3).61  

                                                                 𝐷G,T = 2
𝑀G,T
2 𝜆𝑓

𝜋R
.                                                     (2.3) 

Here, 𝜆 is the laser wavelength, 𝑓 is the focal length of the lens/mirror, and R is the pre-

focused radius of the laser beam on the surface of the lens/mirror. The spatial intensity 

distributions for the case of 𝐷 = 7.2 mm is shown in Figure 2.12. Approximately 86% 

of the laser beam power is confined within the area defined by 𝐷G and 𝐷T. 

 

Figure 2.12 Spatial intensity distributions at the focus for the case 𝐷 = 7.2 mm. Insert: 

Sample output burn pattern of CO2 laser beam. 
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2.3 LID Extension Velocity Dependence on Beam Diameter and 

Gas Species62 

Sample shadowgraph images of the propagation history (of the induced discharge) is 

shown in Figures 2.13 and 2.14 respectively for argon and helium gases. In the case of 

the argon gas, the laser beam 𝐷 was 9.1 mm, whiles that of the helium gas was 5.1 mm. 

The wavefronts as indicated in the series of pictures are travelling in the opposite 

direction of the irradiated laser beam. The time 𝑡 is the elapsed duration whose origin is 

defined as the initial irradiance of the laser beam. It is observed from the shadowgraph 

images that the induced discharge displacement was much extended in the helium gas as 

compared to that of the argon gas. Displacement-time (𝑥 − 𝑡) graphs are obtained from 

the shadowgraph images.  

t = 0.35 μs 0.75 μs 1 .15 μs 1.55 μs 1.95 μs 2.35 μs
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S
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Figure 2.13 Shadowgraph images of LID in argon gas for the case 𝐷 = 9.1 mm. 
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Figure 2.14 Shadowgraph images of LID in helium gas for the case 𝐷 = 5.1 mm. 
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The extension velocity 𝑈LID, was in turn analytically obtained from the 𝑥 − 𝑡 graphs. An 

example of an 𝑥 − 𝑡 graph and its corresponding 𝑈LID − 𝑡 for both argon and helium 

gases for the case of 𝐷 = 7.2 mm are shown in Figure 2.15. The displacement error bars 

are the standard error of the mean value. The velocity error bars were obtained by using 

the least squares method and they represent the propagated error as a result of deducing 

𝑈LID from 𝑥. Each data point represents the mean of five data points set. 
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Figure 2.15 𝑥 − 𝑡 and 𝑈LID − 𝑡 plots in argon and helium gases for the case 𝐷 = 7.2 mm. 

2.3.1 LID Extension Velocity Dependence on Beam Diameter 

The dependence of the induced discharge extension (propagation) velocity on 𝐷 is as 

shown in Figure 2.16. The essence of a sufficiently large 𝐷 necessary to uniquely define 

𝑈LID as a function of 𝑆 is demonstrated in this figure. The figure shows the velocities in 

argon gas for four different 𝐷s. It is observed that for a 𝐷 less than 7.2 mm, 𝑈LID is slower 

for a given 𝑆 and the dependence is not unique. Thus, a 𝐷 of 7.2 mm was sufficient to 
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reproduce the experimental uniqueness for the relation 𝑈LID ∝ 𝑆
𝛼 . The propagation 

velocity is a localised phenomenon and thus the 𝑈LID were graphed as function of the 

peak laser intensity 𝑆. 

2.3.2 LID Extension Velocity Dependence on Gas Species 

The dependence of the induced discharge extension velocity on gas species is as shown 

in Figure 2.17. The threshold value of 𝐷  necessary to uniquely define 𝑈LID ∝ 𝑆
𝛼  in 

helium gas was 5.1 mm. The exponential values of α for the relation 𝑢LID ∝ 𝑆
𝛼 , for 

helium, air and argon gases were respectively 1.18, 0.46 and 0.23. Table 2.4 shows the 

comparison of α values for studies with sufficiently large Ds in the aforementioned gases.  

 

Figure 2.16 Propagation velocities as a function of 𝑆 in argon for four different 𝐷s. 
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Table 2.4 Comparison of α in Air, Argon and Helium gases with sufficiently large 𝐷. 

Items Gas species α value 

This Study 

Argon 0.23 

Helium 1.18 

Air 0.46 

Matsui et al57 
Air 0.46 

Bournot et al51 

 

 

Figure 2.17 Propagation velocities as a function of 𝑆 in different gases with sufficiently 

large 𝐷s. 

2.4 Summary 

1. The threshold value of D necessary to uniquely define the relation 𝑈LID ∝ 𝑆
𝛼 and 

to eliminate the effect of lateral dissipation was obtained for the three gases. This 

was 7.2 mm in all the gases studied. These values were sufficient to reproduce the 

experimental uniqueness for the relation 𝑈LID ∝ 𝑆
𝛼. Further studies of the physics 

are necessary to investigate the universality of this criterion. 
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2. The values of the exponential parameter α in the relation 𝑈LID ∝ 𝑆
𝛼 were 1.18, 

0.46 and 0.23 respectively, for helium, air and argon gases. 

3. The values of α obtained in this study for the three gases were different from the 

0.33 value of the Chapman-Jouguet detonation theory. This corroborates the 

hypothesis that LID propagation is a discharge-based phenomenon and thus, 𝑈LID 

should be determined from discharge-based physics and not fluid dynamics. 

4. Observed differences in the α values in argon and helium will provide a key for 

understanding the physics of laser-induced discharge
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CHAPTER 3

VALIDATION OF SHIMAMURA’S 1-D LID MODEL IN HELIUM 

AND ARGON GASES 

3.1 Spectroscopic Measurement of 𝑻 𝐱 and 𝒏  

The first objective of this chapter was to predict the laser-induced discharge (LID) 

extension velocity 𝑈LID , using Shimamura’s 1-D LID photoionization model with 

experimentally obtained plasma properties (𝑛e, 𝑇ex), of the induced discharge as input. 

The model equations (already defined in Equations (1.3) and (1.4)) are as shown in 

Equations (3.1) and (3.2). 

                                                      𝑈LID =
𝜈i𝑙

ln (
𝑛e.peak

𝑛e.f⁄ )
.                                                  (3.1) 

                                                                    𝑛e.f =
𝜙

𝑈LID
 .                                                           (3.2) 

Where 𝑛e.peak, 𝑛e.f, 𝜈i, 𝑙 and 𝜙 are respectively the peak and precursor electron number 

density, ionization frequency, inverse bremsstrahlung absorption length and the photon 

flux. 

The 1-D LID model describes the precursor (seed) electrons as products of 

photoionization due to the flux coming from the induced discharge. The photon flux is a 

function of the bulk plasma properties, thus optical emission spectroscopic measurements 

were conducted in order to obtain the electronic excitation temperature 𝑇ex of neutral 

particles, and the electron number density 𝑛e , in the laser-induced discharge in both 
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helium and argon gases. The second objective was to validate the model by comparing 

analytically obtained results to that of experiment.  

3.1.1 Experimental Setup 

The schematic diagram of the optical emission spectroscopy setup is shown in Figure 3.1. 

The irradiation from the laser-induced discharge was collected with a fibre optic cable 

into the entrance slit of an Echelle spectrometer (ARYELLE 200, LTB) via an SMA port.  

TEA-CO2 

LASER

Photon 

detector

Pulse delay 

generator

Vacuum 

chamber

Plano-convex 

lens

Laser-induced 

Discharge
Zn-Se lens

Echelle 

Spectrometer

ICCD

Fibre optic 

cable  

Figure 3.1 Schematic diagram of optical emission spectroscopy setup. 

The spectrometer is coupled to an ICCD camera (iStar, Andor Technology), and the 

specifications of both devices are as shown in Table 3.1. The spectrometer shutter 

exposure time was 200 ns for the experiment. The experiments were carried out under 

standard atmospheric pressure and room temperature conditions. 
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Table 3.1 Spectrometer and ICCD camera specifications. 

Spectrometer ICCD camera 

Product name ARYELLE 200 Product name iStar 

Company Lasertechnik Berlin Company 
Andor 

Technology 

Spectral resolving 

power (𝜆 Δ𝜆⁄ ) 
8000 Resolution 

1024 × 1024 

pixels per frame 

Wavelength range 330 – 850 nm Exposure time < 2 ns 

Focal length 400 mm Camera sequence Single 

Slit width 50 µm Frames per second Up to 100 million 

 

3.1.2 Deduction of 𝑻 𝐱 and 𝒏  

Figures 3.2 and 3.3 show the emission spectra in helium and argon gases obtained 

respectively, in the range of 400 nm – 700 nm and 450 nm – 650 nm, at different laser 

intensities, 𝑆.  
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Figure 3.2 Sample observed spectra in helium. Intensity normalised by maximum value 

at 𝑆 = 222 GWm-2. 
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Figure 3.3 Sample observed spectra in argon. Intensity normalised by maximum value at 

𝑆 = 96 GWm-2. 

The spectral intensities are normalised by the maximum intensity in each graph. Line 

spectrum was not observed for the argon case except at 𝑆 = 17 GWm-2. In Figure 3.3, 

the continuum spectra contain information which is a superposition of both continuum 

and line spectra. Thus, the optical thickness for the induced discharge in argon gas was 

considered as neither thick (black-body radiation) nor thin (bremsstrahlung radiation). 

For the purpose of verifying this claim, the continuum spectra were fitted by both the 

black-body radiation function and bremsstrahlung (with free-bound transitions) radiation 

function. 

The spectral intensity of black-body radiation per unit wavelength  𝐵𝜆  (Wm-3), is as 

shown in Equation (3.3).63  

                                                𝐵𝜆 =
2𝜋ℎ𝑐2

𝜆5
[exp (

ℎ𝑐

𝜆𝑘B𝑇ex
) − 1]

 1

                                     (3.3) 
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Here, ℎ, 𝑐, 𝜆, 𝑘B  and 𝑇ex are respectively the Planck constant, light speed in vacuum, 

wavelength, Boltzmann constant and the electron excitation temperature. The black-body 

radiation function fit, to the argon plasma continuum spectra at 𝑆 = 96 GWm-2, using 

Equation (3.3) is shown in Figure 3.4. The obtained excitation temperature from the fit 

was 0.65 eV, which is quite low and not representative of the experimental conditions of 

the LID by a 12 J CO2 gas laser in our laboratory. A function fit of 2 eV shown on the 

graph deviates from the experiment condition. 

The continuum spectra of argon were also fitted by bremsstrahlung radiation function 

(with free-bound transitions). The volumetric radiation per unit wavelength  𝑗𝜆 , was 

obtained from the volumetric radiation per unit frequency  𝑗𝜈 (Jm-3),63 noting that  𝑗𝜆 =

 𝑗𝜈(𝑐 𝜆
2⁄ ). This is as shown in Equation (3.4): 

                           𝑗𝜆d𝜆 =
64𝑍eff

2 𝜋
3
2⁄ 𝑒6𝐺

3√6𝑚e
3
2⁄ 𝑐2𝜆2𝜀0

3

𝑛i𝑛e

√𝑘B𝑇e
exp(

−ℎ𝑐

𝑘B𝑇e
(
1

𝜆
−
1

𝜆c
))d𝜆                    (3.4) 

Here, 𝑍eff, 𝑒, 𝐺, 𝑚e and 𝜀0, are respectively, the effective nuclear charge, the elementary 

charge, the Gaunt factor (for quantum-mechanical effect), the electron mass and the 

permittivity of free space. 𝑇e, 𝑛i and 𝑛e are the electron temperature (defined as identical 

to 𝑇ex), the ion and electron number densities respectively. 𝜆 is the wavelength and  𝜆c is 

the wavelength corresponding to the cut-off density for the input laser beam. 𝑛i is set as 

𝑛e assuming quasi-neutrality condition in the induced discharge. 𝐺 is defined in Equation 

(3.5) as:64  

                                 𝐺 = 1.04 + 3.74 × 10 5𝑇e − 3.28 × 10
 10𝑇e

2                               (3.5) 

Figure 3.5 shows the bremsstrahlung radiation function fit at an electron excitation 

temperature  𝑇ex of 3.5 eV to the spectra at 𝑆 of 96 GWm-2. This temperature value is 

high and not representative of the experimental conditions of the LID by a 12 J CO2 gas 

laser in our laboratory. A function fit at 2 eV deviates from the experiment condition. 
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Thus, 𝑇ex could not be derived from either black-body radiation fit or bremsstrahlung 

radiation fit to the argon plasma spectra. This validates the claim that, the LID in argon 

gas, was optically neither thick or thin. For future works, it is recommended that the 

induced plasma be sliced in order to obtain 𝑇ex from spectra data for the case of the argon 

plasma. 
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Figure 3.4 Black-body radiation function fit to argon spectra at 𝑆 = 96 GWm-2. 

The line spectra obtained for the helium gas were not sufficient to deduce the electron 

temperature by the Boltzmann plot method. Thus, the electron number density 𝑛e were 

first obtained from the Stark broadening parameters of He I line (587.6 nm), after which 

𝑇ex was deduced from the Saha ionization equation. For neutral atom lines, the relation 

between the Stark broadening width and 𝑛e (cm-3) is defined as:65,67  

                                        𝑤t(𝑛e, 𝑇e) ≅ 2𝑤e(𝑇e)[1 + 𝑔𝐴n(𝑇e)]𝑛e10
 16.                           (3.6) 
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Where 𝑤t  and 𝑤e  are respectively, the total theoretical full-width at half-maximum 

(FWHM) and the electron impact width. 𝑤e was obtained from tables in Reference 66. 𝑔 

and 𝐴n are respectively defined in Equations (3.7) and (3.8).67  

                                                           𝑔 = 1.75(1 − 0.75𝑅)                                                   (3.7) 
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Figure 3.5 Bremsstrahlung radiation function fit to argon spectra at 𝑆 = 96 GWm-2. 

Where 𝑅 is the Debye shielding parameter and is defined as the ratio of the average inter-

ion distance to the Debye radius. 

                                                          𝐴n(𝑇e) = 𝐴(𝑇e)𝑛e
1
4⁄ 10 4                                            (3.8) 

Here 𝐴 is the ion broadening parameter and is a measure of the distortion effect plasma 

fields have on broadened line widths or shifts. The applicability of Equation (3.6) require 

that the following restrictions (Equations (3.9) and (3.10)) be observed:67  

                                                  𝑅 = 8.99 × 10 2𝑛e
1
6⁄ 𝑇e

 1 2⁄ ≤ 0.8                                   (3.9)     

                                                              0.05 ≤ 𝐴n(𝑇e) ≤ 0.5                                               (3.10) 
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For the CO2 gas laser used in this study, parameter values (𝑛e, 𝑇ex) of the order of (1×1024 

m-3, 2 eV), gives 𝑅 and 𝐴n as 0.59 and 0.215 respectively. 𝐴(𝑇e) was referenced from 

tables in Reference 66 Based on these values, Equation (3.6) was approximated as: 

                                                          𝑤t(𝑛e, 𝑇e) ≈ 2𝑤e(𝑇e)𝑛e10
 16.                                 (3.11) 

The 𝑤t of the helium gas case at the intensities of 220 GWm-2, 171 GWm-2 and 111 

GWm-2 were respectively 8.70 nm, 5.99 nm and 1.97 nm. These widths were derived 

from the Lorentzian function fit to the experiment data. 

The Saha ionization equation used to derive discharge properties from corresponding 

experimentally obtained properties is as shown in Equation (3.12). 

                                           
 𝑛e

2

𝑛0
=
𝑔e𝑔i
𝑔0

(2𝜋𝑚e𝑘B𝑇e)
3
2⁄

ℎ3
exp (

−𝜖i
𝑘B𝑇e

) .                            (3.12) 

Here, 𝑔e, 𝑔i, 𝑔0 𝑛0 and 𝜖i are respectively the statistical weights of the electrons, ions, 

neutrals, the neutral number density and the ionization potential. In Equation (3.12), 

quasi-neutrality is assumed, thus  𝑛e = 𝑛i, the ion number density. The following first 

stage ionization equilibria, whose local thermodynamic equilibrium (LTE) conditions 

between ionization and recombination processes are defined by the Saha ionization 

equation was considered for the helium LID plasma: 

He[1S2  1S0] ⟺ He [1S  2S1
2⁄
] + 𝑒 + 24.59 eV 

The statistical weights obtained from the NIST database for each species were as 

follows:68  

He I (𝑔0 = 1) and He II (𝑔i = 2). 
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3.2 Validation of the 1-D LID Model by Comparing Theoretical 

and Measured 𝑼𝐋𝐈𝐃 in Helium Plasma 

The objective of this section was to theoretically predict the extension velocity 𝑈LID, from 

the measured propagation properties (𝑛e, 𝑇ex), of the induced discharge using the 1-D 

LID photoionization model. The applicability of the model is evaluated by comparing 

predicted solutions to that of experiment for the helium plasma case.  

𝑈LID was analytically obtained as a function of the laser intensity 𝑆 using the 1-D LID 

model equations (Equations 3.1 and 3.2).  A simple minimization solution of 𝑈LID as a 

function of the density at the precursor location 𝑛e.f, for the given input properties (𝑛e, 

𝑇ex) was obtained from the model equations. This is as described below in Equation 

(3.13), where 𝑛e.peak is defined as 𝑛e. Using the Newton’s method, the minimization 

variable was solved for iteratively via Equation (3.14) until convergence was reached. 

                                             𝑈LID(𝑛e.f) =
𝜈i𝑙(𝑛e, 𝑇e)

ln(
𝑛e
𝑛e.f⁄ )

−
𝜙(𝑛e, 𝑇e)

𝑛e.f
 .                                (3.13) 

                                            𝑛e,f,i 1 = 𝑛e,f,i −
𝑈LID(𝑛e,f,i)

[
d
d𝑛e.f

(𝑈LID(𝑛e,f,i))]
  .                              (3.14) 

3.2.1 Ionization Frequency 

The ionization frequency 𝜈i, is defined as shown in Equation (3.15). 

                                                                   𝜈i =
𝛼IB𝑆

𝑒𝜖i
 .                                                            (3.15) 

Here, 𝑒, 𝜖i and 𝛼IB are respectively, the elementary charge, ionization potential of the gas 

and the inverse bremsstrahlung absorption cross section. 𝛼IB is the total cross section of 

the absorption mechanism due to both electron-neutral and electron-ion particles’ 

interactions. The absorption cross section by a neutral particle within the vicinity of the 

electric field of a single electron is given in Equation (3.16).69 
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                                                    𝛼IB,en =
𝑒2

𝑐𝑚e𝜀0

𝜈m
𝜔2 + 𝜈m2

  .                                            (3.16) 

Here, 𝜈m  and 𝜔  are the mechanical collision frequency and the laser frequency 

respectively. All other variables are as defined previously. Generally, 𝜔 ≫ 𝜈m for most 

lasers, and thus Equation (3.16) is reduced to as shown in Equation (3.17). 

                                                            𝛼IB,en ≅
𝑒2

𝑐𝑚e𝜀0

𝜈m
𝜔2
  .                                                 (3.17) 

For instance, the frequency of the CO2 gas laser at a typical wavelength of 10.6 microns 

is 1.78 × 1014 s-1. This is much greater than the 𝜈m of argon and helium gases which are 

respectively 4.0 × 1012  s-1 and 1.52 × 1012  s-1. The electron-ion absorption cross 

section is as shown in Equation (3.18).64,69  

                                              𝛼IB,ei = 1.37 × 10
 27𝐺𝑍eff

2 𝜆3

√𝑇e
𝑛i                                       (3.18) 

Here, 𝜆 and 𝑛i are the laser wavelength and ion number density. 𝑛i is set as 𝑛e assuming 

quasi-neutrality condition in the induced discharge. 𝐺 and 𝑍eff, are as previously defined. 

3.2.2 Inverse Bremsstrahlung Absorption Length 

The variable 𝑙 was defined as the inverse bremsstrahlung (IB) absorption length 𝑙IB. 𝑙IB 

is the reciprocal of the IB absorption coefficient 𝑘IB, which is the sum of both electron-

ion and electron-neutral interactions. These are as defined in Equations (3.19) and (3.20) 

respectively.64  

                            𝑘IB,ei =
4

3
(

2𝜋

3𝑚e𝑘B𝑇e
)

1
2 𝑒6𝜆3

ℎ𝑐4𝑚e
𝑛i𝑛e [exp (

ℎ𝑐

𝜆𝑘B𝑇e
) − 1].                 (3.19) 

                               𝑘IB,en =
(𝑘B𝑇e)

2𝐴(𝑇e)𝜆
3

ℎ𝑐
𝑛n𝑛e [1 − exp (

ℎ𝑐

𝜆𝑘B𝑇e
)].                       (3.20) 
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Here, 𝑘B, ℎ and 𝐴(𝑇e) are the Boltzmann constant, the Planck constant and a temperature 

function for free-free transitions of electrons in the field of neutral particles. All other 

variables are as defined previously. The function 𝐴(𝑇e) is defined in Equation (3.21).70 

                  𝐴(𝑇e) = 1.406 × 10
 6𝑇e[K]

 7
2⁄ ∫ exp (

−𝐸

𝑇e[eV]
)𝐸2𝑄(𝐸)d𝐸

∞

0

 .             (3.21) 

Here, 𝐸 (eV) and 𝑄 (cm2) are respectively, the energy and the total momentum transfer 

cross section. 𝑄 was obtained from the TRINITI database, which is accessible online 

from Reference 71. 

3.2.3 Photon Flux 

The photon flux 𝜙  was computed using Equation (3.22), which considers radiation 

propagating in a half solid angle. 

                                                       𝜙 =
2𝜋

𝜖i
∫ 𝐽(𝑥, 𝜃) sin 𝜃 dθ
𝜃0

0

 .                                       (3.22) 

Where, 𝜃 is the angle subtended by the incident photon’s trajectory and the plane parallel 

to the direction of propagation of the induced discharge. This is schematically shown in 

Figure 3.6. 𝐽(𝑥, 𝜃) is the radiation intensity per unit solid angle (W.m-2.sr-1) and is as 

defined in Equation (3.23).42 

 

Figure 3.6 Schematic diagram showing photon flux estimation. 
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               𝐽(𝑥, 𝜃) =
 𝑗𝑖
4𝜋
exp (

−𝑙IB
𝜆mfp,pa cos 𝜃

){

𝑑

cos 𝜃
,   0 < 𝜃 < 𝜃1

𝑟

sin 𝜃
−

𝑙IB
cos 𝜃

,   𝜃1 < 𝜃 < 𝜃0

               (3.23) 

Where,  𝑗𝑖, 𝜆mfp,pa, 𝑑 and 𝑟 are respectively, the total volumetric radiation density (Wm-

3), the mean-free path of photo-absorption, the thickness of the radiating layer and the 

radius of the radiating layer. 𝑟 was set at 3 mm (𝐽(𝑥, 𝜃) value is not changed for 𝑟 ~ 3 

mm – 5 mm), because a 7.2 mm effective diameter 𝐷  has been experimentally 

demonstrated to suffice the threshold values in both argon and helium gases, required to 

uniquely define the discharge velocity as a function of laser intensity. 𝑑 was set as 100 

microns. 

 𝑗𝑖 was obtained by first integrating volumetric continuum radiations (free-free and free-

bound emissions) over all frequencies starting from the ionization potential of the gas. 

The result was then multiplied by 2 in order to approximately account for line radiations 

(bound-bound emissions). This is as shown in Equation (3.24).63  

                         𝑗𝑖 = 2∫
64𝑍eff

2 𝜋
3
2⁄ 𝑒6𝐺

3√6𝑚e
3
2⁄ 𝑐3𝜀0

3

∞

𝜈i

𝑛i𝑛e

√𝑘B𝑇e
exp(

−ℎ(𝜈i − 𝜈c)

𝑘B𝑇e
)d𝜈                   (3.24) 

Here, 𝜈i and 𝜈c are the frequencies corresponding to the ionization potential and cut-off 

density for the input laser energy. Incorporating Equations (3.15) – (3.24) into Equations 

(3.13) and (3.14), 𝑈LID was obtained. 

3.3 Results and Discussion 

3.3.1 Measured 𝒏  and Estimated 𝑻 𝐱 of Helium Plasma 

The experimentally obtained 𝑛e and the estimated 𝑇ex assuming Saha equilibrium for the 

helium gas, are shown Figure 3.7 as functions of the laser intensity 𝑆. 𝑛e of the induced 
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discharge was in the range of 0.5 – 2.3×1024 m-3, and 𝑇ex was in the range of 1.7 – 2.0 

eV. 
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Figure 3.7 Experimental 𝑛e and analytical 𝑇ex as functions of laser intensity 𝑆 for helium 

gas. 

3.3.2 Comparison of Predicted and Measured 𝑼𝐋𝐈𝐃 

Figure 3.8 shows the comparison between theoretically predicted 𝑈LID, using measured 

𝑛e and 𝑇ex, and experimentally obtained 𝑈LID trendlines for helium gas. The predicted 

𝑈LID  showed very high value in the high intensity region when compared to the 

experimentally obtained 𝑈LID. Moreover, the predicted exponential value (slope of the 

graph) 𝛼, was 1.83 compared to the 1.18 value from experiment. 

Shimamura’s 1-D LID model approximately reproduced the slope tendency of the 

relation 𝑈LID ∝ 𝑆
𝛼 , however the absolute values of 𝑈LID  were overestimated. The 
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percent overestimation for the intensity range of 110 GWm-2 – 220 GWm-2 was 300% - 

600%.  
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Figure 3.8 Predicted and measured velocities as a function of laser intensity in Helium 

plasma. 

One of the possible explanations to the discrepancies between predicted and experimental 

extension velocities could be that, the 1-D LID model assumes a 100% utilization of the 

absorbed energy for direct ionization. The model does not take into account other 

energetic processes that could result in the excitation of particles without not necessarily 

inducing ionization. Information on the fraction of the absorbed energy used in ionization 

would be useful for improving the 1-D LID model. 
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3.4 Summary 

1. Shimamura’s 1-D LID model could reproduce the increasing slope tendency of 

the extension velocity as a function of the laser intensity in helium plasma. 

However, the absolute values of 𝑈LIDwere 300% - 600% overestimated. 

2. Comparisons were not made for the argon plasma because, obtained spectra were 

the superposition of continuum and line spectra observed in the experiments. Thus, 

it could not be classified as either an optically thin or thick plasma. In future 

studies, the induced plasma would be sliced in order to obtain 𝑇ex from spectra 

data. 



49 
 

CHAPTER 4

FRACTIONAL ENERGY FOR IONIZATION AND TWO-STEP 

IONIZATION 

4.1 Ionization Mechanism in Conventional CFD models 

In a recent related study, the precursor generation and the laser absorption mechanism of 

the induced discharge was investigated numerically.72 The study used a 1-D 

computational fluid dynamic (CFD) code which coupled the Navier-Stokes equations to 

a 3-temperature thermochemical non-equilibrium model. The Navier-Stokes equation 

took into consideration shock heating, electron diffusion and electron thermal conduction. 

The laser absorption process was modelled after the inverse bremsstrahlung absorption 

(IB) mechanism. The absorbed energy is stored in electrons’ translational mode and the 

ionization is modelled via collisions with Maxwellian electrons. 

The study could not reproduce the observed experimental criterion for sustaining the 

laser-supported detonation regime of LID. In other words, the shock heating and the IB 

absorption process for electron translational energy, could not generate sufficient 

ionization avalanche to replicate experimentally observed scenario. This is graphically 

shown in Figure 4.1. The failure was attributed to excessive electron recombination in 

the non-equilibrium region between shock front and the laser absorption front.  

I am however of the view that, IB absorption process predominantly leads to the heating 

of electron and not necessarily the direct induction of ionization. Therefore, the IB 

absorption, together with the translation of electrons implemented in the computational 
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model would not be sufficient to reproduce the experiment conditions observed in laser-

induced discharges. 

 

Figure 4.1 Density and temperature distributions of the 3-temperature model.72 

4.2 Ionization Mechanisms of the Shimamura’s Model 

Shimamura’s LID model describes the avalanche ionization stage via the inverse 

bremsstrahlung (IB) acceleration and/ or absorption process. The avalanche ionization 

process however, could be due to two different ionization mechanisms described as 

follows. 

The first is the IB absorption process, which accelerates the photon-generated electrons 

to energy levels required to induce direct electron impact ionization. This acceleration 

process transfers energy to the electron by heating, which results in electron temperature 

increment. Thus, the electrons are heated to the required energy levels for impact 
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ionization. However, the fraction of energy that goes to heating of neutral particles is not 

considered in the model. 

The second plausible description to the avalanche ionization is by a discharge mechanism, 

where seed electrons are accelerated by the electric field of the irradiated laser beam. This 

discharge mechanism, is also a function of the reduced electric field (𝐸 𝑛n⁄ , 𝐸: electric 

field, 𝑛n : density of neutral particles). This is pictorially shown in Figure 4.2. The 

discharge creates an avalanche ionization effect where, accelerated electrons collide with 

other particles leading to the ionization of the particles. The resulting free electrons are 

in turn accelerated and additional electrons generated to sustain the process in a sufficient 

electric field. However, in Shimamura’s model, energy storage is not accounted for. In 

other words, absorbed energy is instantaneously consumed for ionization. 

 

Figure 4.2 Collisions by field-accelerated electrons. 

Presently, although Shimamura’s LID model (a quasi-1D model) defines both the 

ionization frequency and absorption length as functions of the IB absorption process, the 

model however, could not reproduce the measured LID velocities 𝑈LID . Thus, one 

possible way to improve the model would be to include coupled neutral particles’ 

excitation and collisions with field – accelerated electrons as proposed in the next section. 

LASER
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4.3  Cumulative (Two-Step) Ionization Mechanisms 

In Chapter 3, the predicted extension velocity 𝑈LID of the induced discharge was not 

representative of the experimentally obtained velocities for the helium plasma. The 

model’s representation of the discharge velocity in actual 1-D beam propagation was 

inaccurate. The 1-D LID model assumes that all the absorbed energy is directly utilized 

for ionization. It is therefore necessary to obtain the fraction of the absorbed energy used 

in ionizing the ambient working gas from experimentally obtained 𝑈LID  and laser 

intensity 𝑆. 

4.3.1  Fractional Absorbed Energy for Ionization 

The change in enthalpy/ laser heating (amount of absorbed energy) 𝛥ℎ  (J/kg), as a 

function of the input laser intensity 𝑆, is given in Equation (4.1). 

                                                                    𝛥ℎ =
𝑆

𝜌𝑈LID
 .                                                         (4.1) 

Where 𝜌 is the density of the gas.  

Figure 4.3 shows 𝛥ℎ as a function of 𝑆 for both argon and helium gases. The 𝛥ℎ for argon 

plasma had a positive slope, whiles that of helium plasma was negative. 

The amount of absorbed energy 𝐸i  (J/kg), utilized for ionizing the electron number 

density 𝑛e, is given in Equation (4.2). 

                                                                        𝐸i =
𝜖i 𝑛e
𝜌
 .                                                         (4.2) 

Where 𝜖i is the ionization potential of the gas. Thus, the fraction of absorbed energy that 

is utilised for ionization 𝜂Ei, was estimated as the ratios of Equations (4.2) and (4.1), and 

is as shown in Equation (4.3). 

                                                                   𝜂Ei =
𝜖i 𝑛e
𝑆
𝑈LID
⁄

 .                                                        (4.3) 



53 
 

10 100 1000
1

10

100

Helium

 


h

, 
M

J
/k

g

Laser intensity, GW/m
2

Argon

 

Figure 4.3 Change in enthalpy as a function of laser intensity in argon and helium plasmas. 

Figure 4.4 shows the absorbed energy 𝛥ℎ, the energy used for ionization 𝐸i  and the 

energy difference 𝛥𝐸 (𝛥𝐸 ≡ 𝛥ℎ − 𝐸i), as functions of the later intensity 𝑆, for the helium 

plasma. Here, it is assumed that the absorbed energy is utilized for energetic interactions 

predominantly leading to excitation of neutral particles and their subsequent ionization 

by inelastic collisions with electrons accelerated by the laser field. This assumption is 

justified by the obtained values of 𝐸i (which is much less than the ionization potential of 

the gas). This is because, excited particles would usually require lower ionization 

energies than those at the ground state. Figure 4.5 also shows the fraction of the absorbed 

energy utilized for ionization 𝜂Ei, as well as the difference in fractions Δη (Δη ≡ 1 − 𝜂Ei). 

The deduced 𝜂Ei (in percent values) as a function of the laser intensity 𝑆, for the LID 

helium plasma was within the range of 5% - 25%. These obtained values contradict the 
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100% direct utilisation of absorbed energy for ionization, assumed in Shimamura’s 1-D 

LID model. 
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Figure 4.4 Absorbed energy, ionization energy and energy difference, as functions of 

laser intensity in helium gas. 

4.3.2 Two-step Ionization Process 

The ionization mechanism is a cumulative one (two-step ionization), where particles are 

first excited, and then ionized. This is because, the examined laser intensity was far below 

the breakdown threshold or critical intensity for the occurrence of induced discharge. 

Thus, neutral particles must be preheated by excitation collisions, making the two-step 

ionization process the most prevalent case when compared with direct ionization from 

ground state of particles. It is observed from Figures 4.4 and 4.5 that for the lower 

intensity condition, higher excitation energy (preheating) is necessary to sustain the laser-

induced discharge and its propagation. Thus, the two-step ionization process is significant 

in the low intensity region.  
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Figure 4.5 Fraction of absorbed energy used for energetic interactions and ionization as 

functions of laser intensity in helium gas. 

Shimamura’s LID model was successful in reproducing the extension velocity in previous 

experiments in argon gas.43 This is because, the previous experiments were conducted 

with an effective laser beam diameter D of 2 mm. Thus, the approach of direct ionization 

from the ground state reproduced experimental condition. However, this approach for Ds 

of 5 mm and above, failed to reproduce the experimentally obtained extension velocity 

𝑈LID. 

In order to accurately predict the LID extension velocity in sufficiently large effective 

beam diameter situations (1-D beam propagation conditions), the following 

recommendations are made based on the outcome of this study. The 1-D LID model must 

include the two-step ionization process, as well as the appropriate fraction of absorbed 

energy used for excitation (heating of neutral particles) and ionization. The avalanche 
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ionization process of the LID propagation should be implemented by the collisions of 

excited neutrals with field-accelerated electrons, where fraction of absorbed energy is 

first stored in the excitation mode of neutral particles. The comparison of the three 

discussed discharge propagation models are shown in Table 4.1. 

Table 4. 1 Comparison of LID discharge propagation models. 

Mechanism Katsurayama CFD 

model 

Shimamura’s LID 

model 

Ofosu’s proposal 

Absorption 

Inverse 

Bremsstrahlung 

absorption 

Inverse 

Bremsstrahlung 

absorption 

Inverse 

Bremsstrahlung 

absorption 

Energy storage 
Electron translational 

mode 
- 

Neutral excitation 

mode 

Ionization 
Collisions with 

Maxwellian electrons 

Collisions by field-

accelerated 

electrons 

Collisions of 

excited neutrals 

with field-

accelerated 

electrons 

 

4.4  Summary 

1. The amount of absorbed energy used for ionization was obtained to be 5% - 25% 

as a function of intensity for the LID helium plasma. This contradicts the 100% 

utilisation of absorbed energy for ionization in the Shimamura’s 1-D LID model. 

2. 5% - 25% values of the absorbed energy represent 2% - 9% of the ionization 

potential of helium gas. Thus, ionization occur from excited states of atom rather 

than from ground state. 

3. The 1-D LID model successfully reproduced the experimental extension velocity 

in argon gas for a D of 2 mm, but was unable to reproduce experiment conditions 

for Ds of 5 mm and above. 

4. Higher excitation energies are necessary to sustain the induced discharge, 

especially in the low intensity region. Therefore, the two-step ionization process 

accounting for fractions of absorbed energy should be incorporated in to the 1-D 
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LID model. This involves energy storage in neutral particles’ excitation mode and 

subsequent ionization via collisions of excited neutrals with field-accelerated 

electrons.
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CHAPTER 5

CONCLUSION 

The aim of this study was to characterise the extension velocities of laser-induced 

discharge in various gases, specifically in argon and helium gases.  

First, it was experimentally demonstrated that sufficiently large effective beam diameters 

D, is required to uniquely define the relation between the extension velocity and laser 

intensity: 𝑈LID ∝ 𝑆
𝛼. The 𝐷 sufficiently large to uniquely define the relation 𝑈LID ∝ 𝑆

𝛼  

and to eliminate lateral dissipation of energy was 7.2 mm in all the gases studied. The 

value of the exponential parameter α, was gas dependent and was 1.18. 0.46 and 0.23 

respectively, in helium, air and argon gases. The obtained α values were different from 

the 0.33 value of the Chapman-Jouguet detonation theory. This validates the hypothesis 

that 𝑈LID is a discharge-based phenomenon and must be determined from discharge-

based physics and not from fluid dynamics. The observed differences in the α values 

would be a key to understanding the physics of laser-induced discharge. 

Second, it was observed that because Shimamura’s 1-D LID model assumes 100% 

utilization of absorbed energy for ionization, the model could approximate the tendency 

of the slope for the relation 𝑈LID ∝ 𝑆
𝛼 obtained from experiment. However, the model 

overestimated the absolute values of the extension velocity 𝑈LID, in helium plasma by 

300% - 600% within the intensity range of 110 GWm-2 – 220 GWm-2. Thus, the model 

should be improved by incorporating an energy conservation scheme. 

Third, observing that ionization could be predominantly an accumulated process of 

various energetic interactions and not necessarily from the ground state of atoms directly, 
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it was demonstrated from the experiment that, higher excitation energies are required to 

sustain the induced discharge especially in the low intensity region. 

Finally, based on the outcome of this work, it is recommended that, the two-step 

ionization process (first excitation, then ionization) should be implemented in the model, 

taking into account the fractions of absorbed energy required for each step. This involves 

energy storage in neutral particles’ excitation mode and subsequent ionization via 

collisions of excited neutrals with field-accelerated electrons.
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