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ABSTRACT 

An experimental study was conducted to observe the effects of inter-pulse delay on the generation 

of ions emitted during double-pulse laser ablation of an Aluminium target. A specific values of inter­

pulse delay (550 ns, 570 ns, 600 ns, 650 ns, and 750 ns) were chosen from a delay generator using its 

second harmonic i.e., 532 nm to generate an AI plasma. The ion measurements are based on time of flight 

method, by using a time resolving plane ion detector, that was placed at a distance of 5 cm at the normal 

of the target's surface to measure the temporal variation of ions during the expansion of plasma in 

vacuum. The effect of inter-pulse delay on the average ion energy, total ion charge per pulse, kinetic 

energy distribution was investigated. 
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Introduction 

1.1 Plasma 

CHAPTER 1 

The plasma is a Greek word that interprets that something is primed or shaped. The matter of the 

universe is composed of almost 99% of the plasma state; that is when a gas is heated continuously, then 

the time will come that the electrostatic force which holds the electrons to the nucleus is affected by the 

thermal energy of its neighbor particles. In that situation, the atoms split up into positive ions and 

electrons which are named the fourth state of matter called "plasma". 

A plasma is "a quasineutral gas of charged and neutral particles which exhibits collective 

behavior" [1]. To understand the definition of plasma we need to understand the terminology of 

quasineutral and collective behavior. 

The term quasi means "as if' or "seemingly". "Quasineutraf' , describes the charge neutrality that 

is, neutral enough so that one can use the approximation ni :::; De:::; n where n represents the plasma density, 

but not sufficiently neutral that all the fascinating electromagnetic forces dissipate. By "Collective 

behavior" means motions that are influenced not only by localized circumstances but also by the state of 

the plasma in the far domain. Any ionized gas cannot be called a plasma, except that must fulfill the 

following three criteria; 

i) AD « L, 

ii) ND »> 1, 

iii) WT> 1. 

Where AD is the length of Debye sphere, L is the dimension of the plasma, N D is the number of particles 

in the Debye sphere, w is the oscillation frequency of the plasma and T is the meantime of collision 

between neutral atoms [1 ,2]. 
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Plasma is the plenteous form of matter in the universe, mostly present in the stars and intercluster 

medium. It is also present on the earth ' s surface naturally as well as artificially. There are various methods 

used to generate plasma. 

i) Spark discharge method, 

ii) Arc discharge method, 

iii) Through the laser method. 

We could use the laser-induced plasma in this project by targeting the material to become plasma 

by laser pulses. Laser pulses ablated material when struck on the surface. The ablated plume is expanding 

linearly as well as angularly. This plume is the plasma of the targeted material by laser pulses. The 

characteristics of the plasma depend upon the parameter of the laser pulses. 

1.2 Laser Matter Interaction 

When a target surface is focused by a laser pulse, a small section of material is separated from 

the surface due to melting, sublimation, or ionization, this is called laser ablation. PLA is a very useful 

technique for various purposes in different fields of science and technology; such as physics, plasma 

technology, engineering, molecular mass spectroscopy, chemistry, medicine, laser surgery, etc. PLA is a 

very simple experimental arrangement and can be easily adjusted according to the experimental context 

[3]. 

When an intense laser beam is directed toward a solid sample, the substance evaporates and highly 

ionized particles are ejected which causes a plume of the ablated material to form and grow angularly in 

the forward direction [4] . The laser pulses strike the target's surface and are absorbed by its atoms, heating 

r the target's exposed volume. The solid's irradiated region experiences particle evaporation. The laser 

pulse continues to be absorbed, causing the creation of an ionized layer of vapors known as plasma that 

grows adiabatically in a vacuum [5]. Laser interaction with the target plasma system is shown 
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schematically in figure 1.1. It shows that during the time interval of incoming laser pulse, there occurs 

four different distinguishable regions: The unaffected solid target (A), the ablated material (B), the dense 

plasma that is absorbing laser energy (C), and the plasma transparent to the laser pulse (D). 
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Figure 1.2 A schematic figure illustrating the existence of several zones during a laser pulse: the unaffected solid 
sample (A), the ablated target sample (B), the dense plasma absorbing the laser energy (C), and the plasma 

transparent to the laser pulse (D) . 

The ablation of a material by a laser depends on the laser's parameters (temporal width of the 

pulse, laser wavelength, laser energy), the material's properties (heating rate, melting, and evaporation, 

absorption and reflectivity, heat capacity, latent heat of fusion, density, thermal conductivity, sample 

phase), and the surrounding environment (gases species present in the chamber, vacuum pressure, etc.). 

The formation of plasma by picosecond and femtosecond laser is not enough good as compared to the 

nanosecond laser plasma. The energy and wavelength of the wave are inversely related, Because of the 

inverse relationship shorter wavelength lasers can ionize gas effectively by breaking the bond and 

ablating huge amounts of material. The rate of ablation is linearly influenced by laser fluence [6-9]. 

Numerous effects of the laser light are seen in the ablated material. It can be refracted, reflected, 

and absorbed by the plasma (plasma absorption coefficient). Thus, lasers heat the plasma, which is 

controlled by an absorption coefficient that depends on the plasma's temperature, density, and 
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wavelength. causing the isothermal expansion of the plasma. The oscillating electron interacts with the 

ions, which converts oscillating energy into thermal energy which drives the plasma's isothermal 

expansion. The sample phase, which is dependent on the media, also impacts laser-matter interaction. In 

solid samples, the conductive nature is responsible for plasma generation, while in semiconductor and 

dielectric materials, electron-hole pairs are produced and lead to vaporization. In gas and liquid samples, 

electrons are created to contribute to plasma. 

1.2.1 Laser-mater Interactions Below the Plasma Ignition Threshold 

The primary objective is to better understand the fundamental workings of PLA to have strict 

influence over the ablation operation, as the ablation process is highly dependent on the laser parameters, 

the optical and thermal features of the material, and the surrounding circumstances. The physics ofPLA 

is highly complicated since it comprises interactions between laser and plasma, generation and expansion 

of plasma, and photon-matter interactions. 

To acquire an exact understanding of the physical mechanisms all together, concerned with the 

phenomenon of laser ablation in the low fluence zone, Numerous theoretical and experimental research 

is currently ongoing. The solid sample heats up, melts, and evaporates at low fluence ranges. In this 

regime, a vapor plume that behaves as an optically thin medium is formed by the forefront of the laser 

pulse and the remainder of the laser pulse travels practically undetected through the plume. 

There are now laser systems that can produce pulses with durations ranging from a few 

nanoseconds to around 100 fs . With these lasers, one can carry out an extensive examination of the laser­

matter interaction at various laser pulse lengths while essentially maintaining the other laser properties 

[10-12]. Femtosecond and picosecond laser pulses are used for laser ablation, which can cause direct 

solid-to-vapor transformation. This makes it possible to treat metals and other materials with precision. 

In the case of a nanosecond laser pulse, the material ' s surface absorbs the laser energy and heats 

to the melting point, where it subsequently reaches the vaporization temperature, which results in 

vaporization. In this instance, energy is consumed mostly by heat conduction into the solid sample and 

evaporation from the liquid metals. Laser radiation is absorbed by the free electrons found in metals. At 

femtosecond timescale the electron plasma is heated as a result of the e - e collisions and along with the 

e - e collision, e - ph collisions occur resulting in the energy transfer between the electrons and the lattice. 

Due to the substantial differences in the masses of phonons and electrons, the energy exchange resulting 

from e - ph collisions (of the order of picosecond timescale) lasts longer than the thermalization of 

electron plasma caused by e - e collision [13-17]. 
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Some criteria are frequently satisfied depending on the laser system when the ablation of solid 

objects is concerned. When using femtosecond laser beams, where the period of the laser pulse is smaller 

than the hot electron relaxation time (LL « Le), the electron-lattice conjoining can be ignored. This is 

possible when DeLL < a-2 (i.e. The depth of thermal penetration is less than the depth of optical 

penetration.), where De = ke/Ce is the electron thermal diffusivity. 

The irradiated material begins to evaporate significantly when CT > pHy (CT is the Compton 

temperature, which is a measure of the average energy of the photons in a beam of radiation, p is the 

mass density of the material, and Hy is the energy deposition rate). The condition for substantial 

evaporation is [12, 18]. 

Fa ;::: Fthexp(az), 

where Fa is the atomic flux, Fth~pHy/a is the laser fluence threshold for femtosecond pulse-induced 

evaporation, a is the constant that depends on the properties of the material and the radiation, z is the 

depth of the material. 

For picosecond lasers, the following circumstance is satisfied: 

Le « LL « Lp' 

where Le is the electron-phonon relaxation time LL is the laser-pulse duration, and Lp is the plasma life 

time. 

The electrons' cooling is caused by the lattice and the electrons exchange energy when the following 

condition is accomplished. 

k eTea2 « re-pTe, 

Where ke is the electron thermal conductivity, Te is the electron temperature, and re- p is the electron­

phonon coupling constant, which is a measure of the strength of the interaction between the electrons 

and the lattice or phonons. 

When dealing with nanosecond laser pulses, the circumstance that must be satisfied to ablate the 

solid targets are; 

IT » la, 

Detea2 » 1, 

i.e. In comparison to optical penetration, thermal penetration is far deeper. 

The solid's energy absorption per unit mass is calculated using [7]: 

E = fat 
pIT' 
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here Ia is the intensity of the absorbed laser and lr is the length of the heat diffusion. At a particular 

moment in time t = tth , the deposited energy matches the latent heat of vaporization Hv , at which there 

is considerable evaporation occurs. From this we may deduce a relationship for the threshold laser fluence 

required for evaporation: 

(1.2) 

The target surface experiences considerable evaporation when the surface layer of IT thickness is heated 

to the melting temperature. 

1.2.2 Laser-mater Interactions Above the Plasma Ignition Threshold 

When plasma intensity exceeds the plasma ignition threshold intensity, the procedure for pulsed 

laser ablation has extremely complicated physics since it also comprises the generation and evaluation 

of plasma, and interactions between the laser and plasma in addition to direct laser-solid interactions. 

The primary mechanisms for laser light absorption in the ablation plumes generated on metallic targets 

are thought to be inverse Bremsstrahlung ~nd photo ionization processes [18, 19]. It has also to be 

considered the process of electrons transferring energy to ions and neutral entities, as well as electron 

influence processes such as excitation, ionization, and recombination, which occur in plasma dynamics 

[19] . Consider the adiabatic approximation while analyzing the laser-ablation mechanisms with 

extremely powerful nanosecond laser pulses or shorter pulse lengths . In this instance, the growth of the 

ablated mass occurs considerably more slowly than the laser absorption and the consequent processes of 

target thermalization, vaporization, and plasma production. 

Due to the close proximity of the two stages (i.e., evaporation and plume expansion), a 

challenging interaction between the growing plume and the laser beam occurs. The laser pulse passes 

through the plume without experiencing any attenuation at low fluence levels because the vapor created 

by the forefront laser pulse, functions as a thin optical layer. 

For high fluence value, plasma is generated above the target surface when metals are being 

vaporized by a nanosecond laser in a vacuum. The temperature of the vapor is adequate high that produce 

significant ionization of the entities that have been ablated, which compels the vapor to start absorbing 

the incident laser light, causing vapor breakdown and plasma production. Due to the large value of 

temperature and density of the laser-produced plasma, the target is effectively shielded while the laser 

pulse is being delivered [20-25]. The Plasma kinetic and laser-plasma interaction have a significant 

impact on the laser-ablation process. 
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1.3 Main Features of Laser-induced Plasma 

The extremely complex mechanism of laser-matter interaction results in laser-induced plasma. 

When a laser beam is directed at a target, many simultaneous processes- laser energy absorption, 

vaporization, ejection, and fragmentation of atoms, ions, and molecular species-occur simultaneously, 

causing plasma. The plasma produced by a laser has some features: 

i) To restrict the extent of the plasma and accomplish total absorption of laser energy, the particle 

density n essentially be sharp sufficient. 

ii) Because of the energy demand, just a tiny amount of the thermalized material is required. 

Consequently, energy conservation; 

E=3Nktv, (1.3) 

where "E" denotes the absorbed energy of the laser and "V" denotes the volume of the substance heated 

to the temperature "T". 

We assume· that 

nj = Ile = n (Quasineutrality) 

iii) The time length of the laser pulse will unavoidably constrain the lifespan of these values of nand 

T. The electron-ion equipartition period must be taken into account because we are working with 

freely growing plasma. 

To approximate these, equipartition timings to expansion periods. We may infer that expansion 

will more effectively balance the lifespan of a hot spot in the plasma compared to the length of the laser 

pulse. 

iv) Due to the plasma's high pressure, there will be a significant amount of expansion, which will 

result in temperature and density gradients inside the thermalized material. There are two key 

outcomes that this plasma blast-off will produce. 

a) Due to a greater number of particles absorbing laser energy, the plasma volume increases 

while temperature reduces as a result. 

b) A clear hydrodynamics behavior will manifest. Resulting in a restriction on the highest 

temperature that may be reached because of the conservation of internal energy into 

kinetic energy. 

The aforementioned features of the plasma created by a laser are its most crucial ones. 
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1.4 Plasma Parameter 

The key characteristics of plasma are its electron number density and temperature [26]. The use 

of plasma characteristics facilitates an understanding of the key processes, such as dissociation, 

ionization, and excitation. But the plasma must be taken into account in terms of local thermodynamic 

equilibrium (LTE) in order to determine these values. 

1.4.1 Local Thermodynamic Equilibrium (L TE) 

A system is said to be in thermodynamic equilibrium (TE) If it possesses the qualities listed 

below: 

~ All sorts of particle velocities maintain the Maxwellian distribution. 

~ Ev~ry energy level's population is distributed according to the Boltzmann law. 

~ The development of Ionization equilibrium is determined by the Saha equation. 

~ The explanation for the radiation's intensity is provided by Planck's equation. 

~ Each of the operations outlined above describes a physical phenomenon that occurs at a specific 

temperature, and each has its own temperature dependence. 

Due to the fact that laser-induced plasma shouldn't be optically thick for a precise quantitative 

examination and can't completely absorb the radiations released, we investigate LTE rather than TE since 

the radiation equilibrium might not be reached as a result. Additionally, plasma temperature is only true 

precisely when plasma is in LTE [27]. 

Plasma temperature is account for an essential and fundamental parameter-expressed in 

electron volts (eV). The temperature of the plasma species (such as neutrals, electrons, and ions) does 

not always have to be the same. Also, the temperatures of the species parallel and perpendicular to the 

magnetic field may also differ if plasma is constrained in a magnetic field. 

Application of the Boltzmann distribution law will reveal the relative population of excited states 

in an atom or ion [28]. 

(1.4) 
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Where; 

n~ =species S's excited level k population density, 

nS =The overall numerical density of the species S in the plasma, 

9 k =The statistical value of the higher level of the transition, 

PCT) =The partition function, 

K8 = Boltzmann constant, 

and 

T=The excitation temperature (Texc) . 

When used to explain the numerical densities of the same species at various phases of ionization, the 

Saha-Eggert equation may be written as follows [28]: 

nZ+1
Cl 

_ 3 (2rrmeK8T) 2PCl •Z +1 [ Xa.z ] n --- --exp --. 
e nZCl h 2 Pa.z K8T 

(1.5) 

Where ne is electron density, nz and nZ+l is density of neutral atoms of element z and z+ 1 respectively, 

a is fine structure constant, me is mass of an electron, K8 is Boltzmann constant, T is the ionization 

temperature (Tion ), P is partition function, and X is the ionization potential. 

As LTE achieved, the velocity distribution function can be generated by using the Maxwell­

Boltzmann distribution [29]: 

fCv) = AV2 ~( m ) exp (-~) . 
2rrK8T 2K8T 

(1.6) 

In this expression A is normalization constant and T is the electron temperature (Te). 

Several mean velocities are defined here under the influence of the Maxwell-Boltzmann distribution 

function. 

The formula for a particle's mean velocity is [30]; 
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A single-dimensional average velocity is; 

likewise, the rms velocity is; 

17 = J2KBT 
x rrm ' 

J3KBT Vrms = --. 
rrm 

In the reference of above given velocities, the total kinetic energy should be: 

(1.7) 

(1.8) 

(1.9) 

(1.1 O~ 

As it is abundantly evident that the temperature T affects both the average energy and the velocity 

of plasma species. As a result, the temperature T deternlines how the Maxwell distribution function for 

any particular plasma particles behaves. 

The Maxwell distribution, Boltzmann distribution, and Saha-Eggert equation all apply to a single 

temperature known as the plasma temperature under local thermodynamic equilibrium; 

(l.11) 

In order for LTE to exist, the interval between particle collisions in plasma must be shorter relative 

to the time span over which the plasma experiences any significant change. It is possible to assume that 

the LTE requirement will be met 1-2 milliseconds after plasma creation [31 ]. 

Most frequent ly, the LTE condition is examined using the Maxwell distribution criteria and 

McWhirter [32-34]. The Maxwell distribution criteria demand that Ne > 10 16 cm-3 and kT < 5eV 

Furthernlore, the McWhirter critelia stipulate that the pace of the radiative process must be 10 times 

lower than the rate of the collisional process. 

Plasma has a stable macroscopic charge neutrality, which is another property. Internal space 

charge fields cause collective movements of particles when plasma deviates from the LTE condition in 

10 



order to maintain charge neutrality. These movements are parametrized by plasma frequency, that is 

electrons vibrates with the reference of massive ions since the ions can not follow the electron ' s motion 

to certain level due to the relatively massive nature to electrons. Usually, the electrons' oscillations is the 

plasma frequency, which is determined by [35]: 

(1.12) 

To act like plasma, an ionized gas must have wp > vC' Where Vc is the frequency of an electron colliding 

with a neutral atom. 

Debye length is regarded as an essential and fundamental physical property used to characterize 

plasma. It provides details on the plasma distance at which the effect of electric field of one charged 

particle experiences by another. This separation is referring as "screening length or shielding length". 

When an external electric field is applied to plasma, that field exponentially weakens across the Debye 

shielding. Plasma temperature and electron density can determine Debye shielding, which is stated; 

AD(m) = (1.13) 

The volume of charged particles inside the Debye sphere must be large enough for Debye shielding to 

be a statically sound idea i.e. 

(1.14) 

Within the vicinity of a distance equal to the Debye length, plasma is not neutral. It is the area where 

particles organize themselves in such manner to either nullify the impact of an externally applied field or 

create a transition layer between the plasma's edge and the plasma itself. Debye length can alternatively 

be thought of as the distance at which local variations in space charge are balanced out. Charge neutrality 

is preserved when the dimensions of the plasma exceed AD, If the plasma's dimensions are lower than 

AD , spatial oscillations take place as a result of which charge neutrality is no longer remains retained. 
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1.5 Effect of Laser Parameters on Plasma Temperature 

The experimental settings have an impact on both analytical execution and plasma operation. 

Numerous variables, including laser parameters (such as laser wavelength, pulse frequency, laser energy, 

and dual laser mode), and ambient environment, affect the temperature of plasma induced [36-38]. The 

result shows that generally LIP temperature typically rises when laser parameters (such as pulse width, 

energy), background gas pressure, and sample hardness increase. The conclusions indicate that, in 

general, LIP temperature rises when laser parameters (such as pulse width, energy, and laser wavelength), 

background gas pressure, and sample hardness increase. But with growing separation from the sample 

surface, it diminishes. 

1.5.1 Laser Wavelength 

Utilizing lasers with the same pulse widths (of 5 ns) and irradiances (of 5 x 1010 W cm-2
) at 

1064 nm, {)32 mll, and 355 nm on zinc and cadmium targets in the presence ofRe, Ne, and Ar, it was 

discovered that temperature rises with increasing wavelength. It has been proposed that the absorption 

of the primary photon energy derives from inverse Bremsstrahlung (ill) mechanism, in which electrons 

acquire kinetic energy through collisions with ions and neutrals, which excite the plume. The ill 

mechanism is particularly crucial when using longer wavelength lasers since the 1064 urn laser has 

significant ill absorption and generates plasma at a higher temperature than the 532 nm and 355 nm 

lasers [39-42]. 

When using laser beams with wavelengths of 1064 nm, 532 nm, and 355 nm with fluences that 

range from 3 X 1010 W cm-2 to 9.87 x 1010 W cm-2
, it was found that the temperature of lead plasma 

rose as the laser wavelength goes down [43]. It was also investigated that the Sn sample using a 1064 urn 

laser, which produces a lower temperature than 532 tum and 355 cm laser beams because less mass is 

ablated due to a shallower penetration depth into the Sn sample [44] . 

1.5.2 Laser Pulse Width 

Generally, the temperature oflaser induced plasma elevates with the incrementation oflaser pulse 

width. Two lasers (800 nm, 100 fs ; 1064 nm, 8 us) with the same irradiance of 20] cm-2 were used to 

investigated an aluminum sample in the atmosphere in a spatially integrated way across a temporal frame 

of 200 ns-25 . It was noticed that the temperature of the produced plasma with the ns laser was 

comparatively higher than fs laser because the duration of the ns laser is adequate for interacting with the 
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plasma and causing the plasma to heat up [45] . After a predetermined period of time (for example, IllS), 

radiation cooling takes precedence over expansion cooling in plasma, hence various pulse widths were 

employed and found roughly the same temperatures [46,47]. 

1.5.3 Laser Energy 

Most often, LIP temperature rises as laser energy rises. Laser with a range of energies (1064 nm, 

7 ns, 625jcm-2-11875jcm- 2 ) were used to study the fluctuation in plasma temperature. The 

observations manifest that the plasma expanded more quickly during the time frame of 0.5-8 IlS which 

caused the temperature to drop quickly. When the laser energy is intensified, the temperature rises; 

however, when the laser irradiance reaches a particular limit, the temperature remains constant and 

becomes saturated [48] . 

The investigation of YBCO samples in vacuum with a 1064 nm, 9 ns laser, while adjusting the 

laser energy (15 GW cm- 2 ...... 70 GW cm- 2
), results that raising the laser energy causes temperature to rise, 

and the saturation hit at 54 GW cm- 2 because of the plasma shielding (i.e., reflection and absorption) 

[39, 40, 49]. The laser light is reflected from the plasma under the condition that is v1 < vp. Where VI 

denotes the laser frequency and vp denotes the plasma frequency, which may be calculated as: 

(1.15) 

Because of the IB, the plasma absorbed more energy at high laser energy in comparison to the target 

itself, resulting in less material vaporization than at lower energy. On the other hand, the Cu plasma using 

a 532 nm, 15 us laser with variable laser intensity (45 j cm- 2-120 j cm- 2
) , Results that raising the laser 

intensity caused temperature to rise, and that after reaching a saturation zone, temperature began to fall 

at 45 j cm- 2 as energy was absorbed and reflected by the air plasma formed above the target surface [50]. 

1.5.4 Dual-pulse Laser Mode 

Generally, research publications demonstrated that the temperature of plasma created by a dual 

pulse (DP) laser configuration is greater than that of a single-pulse laser configuration (SP). Laser with 

a range of energies (532 nm, 8 ns, (1.19 X 1010 - 2.04 W cm- 2 ) were used to investigate the comparison 

of DP and SP plasma temperatures in Sn plasma in the atmosphere. The observations manifest that the 

plasma temperature increases while utilizing DP mode during the time frame of 0-6000 ns. When using 
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the second laser in the DP mode, it may readily enter the plasma's core, which has a lower shielding 

effect than when using the SP mode [51-54]. 

The eu plasma generated with 248 nm, 450 fs laser by adjusting laser intensity (0.57 jcm-2
-

5.66 j cm-2
) was investigated with the time frame of ~t: 200 ps between two lasers in the exposed 

environment for both SP and DP modes. As a result, the plasma's temperature caused by the SP mode 

dissipated more quickly than the DP mode [52] . The temperature of steel plasma, under the condition of 

laser (1064 nm, 80 mJ, 15 ns for SP, and 25 ns for DP) reveals that, compared to SP mode, temperature 

saturation in DP mode occurred at greater energies [53]. 

The temperature is also governed by the time period between the two lasers (~t) and the distance 

between the lens' focus point and the target surface (d). The temperature didn't alter with ~t when d < 0.7 

mm, however it did reach a low value at roughly 1000-3000 ns Whenever d > 0.7 mm. This occurred in 

• the pre-ablation DP mode with varied laser intensities while maintaining the same pulse wid.th and 

wavelength [54]. The investigation of aluminum plasma in spatially integrated methodology with varying 

~t from 0 ~s to 50 ~s reveals that the plasma's temperature will be at its highest for ~t between 1 to 7 ~LS 

[55] . 

1.6 Plasma Plume Expansion 

The term "ablation plume" refers to a collection of particles that are expelled from a solid as a 

result of laser matter interactions. These particles may include ions, neutral atoms, and even droplets or 

clusters of molten material. 

The mechanical, electrical, and chemical characteristics of the plasma plume'S constituents vary. 

The speed and perpendicular orientation of all ablated species' ejection, determines the plume's 

propagation. 

There are several sorts of interactions and forces taking part in such procedures that influence 

plume dynamics. A high density of particles will be expelled at short time spans and travel linearly, 

interacting and influencing each other's velocity. These interactions lead to the plume growth by 

expanding plume dimensions in all directions and influencing plume size and form. The movement of 

plume particles in a direction normal to the original velocity as a result of these interactions produces the 

most glaring effect, which is an explosion of the plume superimposed over its linear initial motion. 
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Mechanical interactions are the primarily and frequent interactions throughout the transmission 

and expansion of plasma, because of the plasma plume's high proportion of neutral particles (i.e., more 

than 95%). These interactions happen as a result of particle collisions inside the plume or with 

surrounding gas particles. As collisions are a statistical approach, they are influenced by the density, size, 

and speed of the particles. So, statistically, just after laser interactions with matter, Because of the high 

plume density collisions between plume particles would be the most prevalent interaction. The moment 

the plume begins to grow, it begins interacting with the surrounding gas particles. Later, after the plume 

has extended to a few centimeters from the sample surface, collisions between the plume's particles will 

become minimal, while the contact with surrounding gas particles will take precedence. 

Electrical interactions are another sort of interaction that is seen as being less important in plume 

dynamics but is extremely important in the early phases of plume expansion. The charge density reaches 

its highest right after particles are ejected from the solid and tends to aid in the plume's growth. The 

charge density peaks right as particles are ejected from the material and tends to aid in the piume's growth. 

Electrons travelling more quickly to the limits of the plume while ions move more slowly behind them 

due to mass differences. They interacting with one another and causing expansion at these early phases. 

In literature, when the plume front is polarized with ions within and electrons outside, is referred to as a 

plasma double layer. As time goes on, the recombination procedures take place, which reduces the overall 

charge. Additionally, as the plume expands, the electrical forces of contact between charged particles 

begin to weaken with lengthened distances between plume particles and eventually become insignificant 

for plume propagation. 

After plasma production, an increase in laser irradiation caused the plasma'S temperature and 

density to rise. When a material is heated by a laser beam, some of the energy is transformed into the 

particles' thermal and some into ionization energy, which causes a rise in themlal pressure and plasma 

temperature. The rise in thermal pressure causes the plasma to expand. The expansion of plasma reduces 

its density. Thus, some of the laser energy might be transformed into plasma kinetic energy during the 

expansion phase. 

1. 7 Mechanism of Laser-light Absorption 

The interaction of the ablated sample with the residual laser pulse causes plasma heating, which 

is regulated by two different absorption processes. The first is inverse bremsstrahlung which dominates 
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for /A2 > 101s Wllm 2 jcm2
, second is the photoionization which dominates for 1 i\.2 < 101s WIlm 2 jcm2 

[30]. Both methods transform laser energy into plasma thermal energy, resulting in a large plasma 

ionization. So, before discussing these methods, it is important to formulate the classic Saha equation for 

single-charged ion species density (ni) in a gas at LTE circumstances [56]. 

(1.16) 

where T is temperature in K, nn is neutral's density in cm-3 and 11 is the gas atoms' initial ionization 

potential in e v' 

1. 7.1 Inverse Bremsstrahlung 

When free electrons collide with ionized and neutral constituents, they undergo a collisional 

process known as inverse bremsstrahlung in which laser light is absorbe~. In a laser beam's 

electromagnetic field, the free electrons oscillate at laser frequency w with a velocity of ve [30]. 

Ve = vosesin(wt) , (1.17) 

where vose stands for oscillations ' amplitude. 

The electrons' increased kinetic energy by colliding with neutrals in the ground state and excited state, 

enhance the degree of ionization. When the ion density is large enough, the IB caused by electron-ion 

collisions is almost twice as great in magnitude as that caused by electron-neutral collisions. Simply said, 

neutral atoms have a lower probability of absorbing photons than ions do. 

The IB absorption coefficient alB with frequency v of radiation is provided by [56]: 

(1.18) 

Where; 

Te = electron temperature in e V, 

ni = is ion density, 
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and 

Z = is the ionic charge state. 

The preceding equation illustrates that raising the frequency improves the efficiency of the m 
process. As plasma absorbs through the IB process, its temperature rises and it gets more ionized, 

resulting in more effective absorption. 

The intensity of plasma plume ionization and the effectiveness of the ablation procedure are both 

factors that affect alB' So, the m absorption coefficient alB may be calculated using the optical, thermal, 

and ablated material parameters, including ionization potential. This process may involve photoionized 

electrons as well as electrons ionized by a collision of electrons. In the initial stages of laser-solid 

interactions, immediately evaporating electrons from the sample may contribute significantly to m 
absorption. 

1.7.2 Photoionization 

For laser ablation techniques using visible and ultraviolet light, the Photoionization of excited 

atoms is more efficient, while inverse bremsstrahlung is less effective. For this procedure, the absorption 

coefficient is approximately given by [7, 57] . 

Where, 

5/2 

ap/(cm-1
) = (JplNn ~ Ln 2.9 x 10-17 (::)3 N n · 

(JPl is a photo ionization cross-section, 

Nn is the number density of excited state n, 

En is ionization energy in e V, 

and 

hv is photon energy in e V. 

(1.19) 

The summation will only be applied to those energy levels that meet the following criteria: 
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hv > En . 

In metals, photon energy is almost equivalent to the energy required for the ionization of excited 

atoms. Additionally, a large number of excited atoms result from Plasmas created by nanosecond lasers 

that have tremendous temperatures and densities, these atoms may further be photo ionized by visible and 

UV light. Furthermore, it has been found that the time constants for electron impact ionization and 

excitation are substantially shorter than the laser pulse duration, which effectively improves the ionized 

and excited constituents [58, 59]. This rise in electron and ion concentrations raises the probability that 

IB will absorb photons as a result of electron-ion interactions . 

The electron generation by PI (Photo ionization) and EI (Electron Ionization) can be balanced by 

recombination activities, which reduces ion density in plasma. The electrons generated by PI and EI will 

help improve IB absorption if the recombination period is equal to or larger than the duration of the pulse. 

1.8 Ion Kinetic Energy Distributions 

It's possible to determine the kinetic energy of ions using the velocity distribution of ions and the 

other way around. Both velocity distribution (VDs) and kinetic energy distributions (KEDs) are 

commonly used in plasma characterization, as they are both important. When a sample is struck by a 

strong laser beam, plasma form instantly and begins to expand adiabatically in the vacuum, with ions 

possessing kinetic energy ranging from a few electron volts to several kilo-electron volts . The emission 

of ions from a laser-induced plasma (LIP) is not uniform in all directions. The energy of the ionized atom 

is determined by the plasma' s temperature, and they move due to coulomb acceleration caused by the 

plasma's generated electric field . The ion kinetic energy is influenced by both the charge state and laser 

fluency [60]. The fmal ion velocity is affected by three factors, including thermal velocity, plasma 

expansion velocity, and velocity due to coulomb acceleration. 

The thermal velocity is determined by 

(1 .20) 

where, Ts is the surface temperature, which is defmed as; 
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T = F(l-R)a 
s PCp ' 

(1.21 ) 

and F, R,p, a, Cp stand for laser fluency, solid reflectivity, density, absorption coefficient, and heat 

capacity, respectively [61]. 

The velocity of plasma expansion is defmed as 

(1.22) 

where, y is the coefficient of an adiabatic expansion. 

The velocity due to coulomb acceleration is given by 

_ J2ezvo 

Vc - ~, (1.23) 

where, Va is the voltage for acceleration. 

The summing ofvkand Vc results in a shift of the Boltzmann distributions toward higher energy 

[62]. The ion velocity distributions beyond the ablation threshold fit to a shifted Maxwell-Boltzmann 

Coulomb distribution, since thermalized ablated constituents follow the Maxwell-Boltzmann 

distribution, as predicted by Torrisi [63]. 

(1.24) 

Where, Vx is the velocity of atoms along the target normal, Vk is the velocity of plasma expansion, and 

Vc is the velocity resulting from the coulomb potential. 

1.8.1 Methods of Investigating Ion KEDs 

The KEDs of ions have been studied using a variety of approaches. Two of them are conunonly 

employed that is the time-of-flight (TOF) profile method and the energy analyzer, which is used to 

discriminate energy. Here we employed the TOF profile method to evaluate the KEDs of ion. 
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Fast diagnosis and the ability to extract the most distribution from a laser pulse are two benefits 

ofTOF techniques that make them an efficient tool for plasma diagnostics. The reason behind this is that 

the time it takes for ions to arrive at the ion detector is far longer than the time it takes for them to produce 

ions. And also the ion KEDs of ions may be simply obtained from spectra of the TOF method. The TOF 

techniques are typically classified into two components. 

In the first section, there are a number of ion-collecting techniques that may be used with a 

Langmuir probe or a set of faraday cups to look at the angular or spatial development of plasma. The 

second section is optical emission spectroscopy COES), which assist in characterizing the excited atoms. 

Furthermore, ion detectors paired with a retarding potential enable ion-collecting approaches to 

overcome mass unresolved obstructions, which is beneficial for kinetic energy diagnostics [64, 65]. 
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CHAPTER 2 

Experimental Setup 

The experimental conclusions that are presented in this research project were obtained from the 

experiments conducted at Quaid-e-Azam University's Atomic and Laser Spectroscopy Laboratory in 

Islamabad. The entire experimental setup is illustrated in figure 2.1. The sample was ablated and plasma 

was produced utilizing two Quantel Brilliant Nd: YAG laser systems at wavelength of 532 nm 

corresponding to the second harmonic of the laser. An ion detector was utilized to collect plasma placed 

at 5 em away from the sample surface. The target used in this experiment was an aluminium (AI) with a 

surface area of 2.54 em2 and a thickness of 2 mm. To oppose the electrons and obtain a perfect ion 

signal, the ion detector was given a negative voltage i.e., - 30 V, using dry batteries. To ensure that every 

laser fire strike a smooth surface, the sample was positioned on a target stand that was manually rotated 

from outside the chamber. The entire apparatus was placed inside a 22 em diameter, finely designed 

cylindrical stainless steel container with many apertures of various flange diameters. With the support of 

an oil diffusion pump, the system's pressure was kept at around 10-5 mbar, and a Penning gauge was 

used for measuring the pressure. The two beams were aligned on to the sample employing 532 nm 

mirrors. The beams were focused on the sample surface using a 50 em convex lens. Furthermore, an 

electric feedthrough was used to transmit the ion signal from the probe to an RC circuit. In addition, the 

signal that was captured across the RC circuit's resistance was displayed on an oscilloscope (TDS 2024), 

and stored on a PC for analysis. The schematic diagram of the entire experimental apparatus is illustrated 

in figure 2.2. 

2.1 Laser Systems 

LASER is an abbreviation of Light Amplification by the Stimulated Emission of Radiation. It is 

a light-amplifying apparatus that emits a narrow range of wavelengths beam that is extremely intense 

and directional. 

• 

• 

• 

Following are some distinguishing qualities of lasers that set them apart from regular light: 

It is nearly monochromatic, i.e., comprises a very limited spectrum of wavelengths. 

It is highly coherent, i.e., The motion of photons is synchronized (in phase). 

It is highly directional i.e., Traversed in a single direction within a small cone of divergence. 
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2.3 . 

Figure 2.1: Experimental setup for studying ion emission of AI. 
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Figure 2.2: Schematic diagram of experimental setup. 
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There are three parts that need to be carefully examined while building a laser as shown in figure 

1) first and foremost, an active media can be a gas, a liquid, or a crystal. 
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2) Second, an excitation process, which may be optical, electrical, or thermal, is necessary since the 

primary goal is to produce population inversion in the active medium. 

3) The third element is the laser resonators, which are typically constructed by aligning mirrors 

(either planar or curved) with the axis of laser light transmission in order to magnify the photons 

that are stimulated to emit. One of the mirrors has a coating that ensures 100% reflection of the 

laser wavelength, while the other has a coating that ensures around 90% reflection. This mirror 

also provides out beam as a laser light. 

Figure 2.3: Components and Working of Laser. 

A laser reaction requires three different sorts of operations that involve the interaction of light 

beams with atoms that have electrons in varying energy levels (i.e., spontaneous absorption, spontaneous 

emission, and stimulated emission). Any substance exposed to light undergoes several excitations and 

de-excitation reactions. Absorption process happens at the lower level, whereas spontaneous and 

stimulated emission happens at the higher level. 

The population of distinct levels is determined by the Boltzmann relation at thermal equilibrium, 

which indicates that the population of the upper level is smaller than that of the lower level. In this case, 

spontaneous emission takes precedence over stimulated emission. 

23 



where, 

Ni =Population Number, 

k =Boltzmann constant, 

E· 
Ni = Aexp(-...1.), 

kT 

Ei =Energy of level i (By assuming that Ei - 1 < Ei i.e., Ez > E1 ), 

and 

A =Proportionality constant. 

So the difference in population number (N11 Nz) between the two energy levels Ez and E1 is; 

where, 

hv 
N1 - N2 = N1[1- exp(--)], 

kT 

v = Vz - v1 is the frequency of the energy difference between the two levels Ez and E1 . 

(2.1) 

Stimulated emission of radiation is an important process in lasers. The idea of stimulated emission 

was initially proposed by Albert Einstein. It was previously thought that a photon could only interact 

with an atom in two ways: either by absorbing the photon and moving up an energy level or by emitting 

the photon and moving down an energy level. Another hypothesis put out by Einstein was that an atom 

in a higher energy level may be stimulated to drop down to the lower energy level by the emission of a 

second photon with the same energy and phase. This would need a photon with energy equal to the 

difference between the two energy levels. 

The population of the higher level and the energy density of the incoming photon both affect the 

rate of stimulated emission. 

(2.3) 

where the proportionality constant BZ1 is known as the Einstein B coefficient for that particular transition, 

Nz is the population of higher energy levels and P(V12) is the energy density of incoming photons. 
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Figure 2.4: Three level system showing different processes to achieve laser activity. 

To perform the laser action, the condition of population inversion must be satisfied that is The 

population number of the higher level must be greater than the population number of the lower level in 

order for stimulated emission overcomes absorption. Furthermore, electromagnetic radiation's energy 

density should be as high as possible. 

In order to accomplish population inversion and produce a laser beam, a three-level system is 

illustrated in Figure 2.4. Atoms were continuously pumped by a pumping process from their ground state 

(E1 ) to their excited state (E3) to start the laser activity. The excited state (E3) is set with a lifetime that 

is exceedingly short-roughly 10-9 sec, for that reason Atoms rapidly decay to a metastable state (E2 ) 

with a lifespan of the order of a few milliseconds. Atoms continued to accumulate at the metastable level, 

allowing for a population inversion between the ground state and the metastable state. 

When an atom is de-excited to ground level while emitting photons, the other atoms ill a 

metastable condition are further stimulated by that photon's emission to do the same. In order to stimulate 

additional emission, two reflecting mirrors were positioned at either end of the active medium, which 

reflected these photons back into the cavity. This cycle is repeated until a stable equilibrium is reached 

where the overall gain equals the total losses in the cavity. 
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2.1.1 Neodymium YAG Laser 

General Description: 

We employed two similar Nd: YAG laser system in this experiment in order to ablate the 

palladium sample, both these laser systems were from Quintel. The laser head of one of the system is 

shown in figure 2.5. Nd: Y AG (Neodymium doped yttrium Aluminum Garnet) laser is a solid-state laser 

and it is one of the most frequently used laser media for a variety of scientific purposes. It is an illustration 

of a four-level laser system and can be used in both continuous and pulsed modes. In this instance, 

Neodymium (Nd) is used as the active medium, while Y AG (Y 3AlsOIS) crystal acts as the host. Nd+3 ions 

are doped into a Y AG crystal at a doping concentration of roughly 1 % by taking the place of certain y +3 

ions in the YAG. A xenon or krypton flash lamp is then used to pump it, producing a laser beam with a 

wavelength of 1064 nm. By employing the second and third harmonics, one may also create laser beams 

with wavelengths of 532 nm.and 355 nm., correspondingly. 

Excitation Mechanism: 

The four Nd+3 ion levels are graphically illustrated in figure 2.6. The first level 419/2 is the ground 

level, the second level is 4111 /2, and the third level is 4F312, while the fourth level of the system is 4Fsl2 . 

When the flash lamp is activated, it releases powerful radiation. These radiations were previously 

absorbed by the ground state (41912) atoms and are transmitted by optical pumping to the 4F SI2 state. 

The atoms subsequently undergo a radiationless decay to the lower metastable state 4F3/2 via 

lattice phonons. This level has a lifespan of 230 flsec, so atoms will stay there for a longer period of time, 

making it the upper level for the laser action. Thus, population inversion is achieved and atoms then 

undergo a lasing transition to the 411 1/2 and 41912 at wavelengths of 1064 nm and 946 nm, correspondingly. 

This system has excellent quantum efficiency because of the rapid radiationless decay from the 4Fs12 level 

to the 4F312 1evel, which happens in around 10-7 seconds. However, the most likely transition for lasing 

activity is to the 4111/2 level, which has the greatest stimulated emission value and the lowest lasing 

threshold. Following this transition, Nd atoms rapidly relax from this level to the ground level. 

Consequently, each time a flash lamp is ignited, photons with a wavelength of 1064 nm are created. 
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Figure 2.5: Nd: YAG Laser System 
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Figure 2.6: Energy level diagram ofNd: YAG laser. 

The Nd: YAG laser's peak power is low and its pulse duration is lengthy, thus a Q-switching 

approach is employed to decrease the pulse duration and boost the output laser's peak power in order to 
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get a shorter pulse and higher peak power. The Q-switching process in Nd: Y AG lasers is carried out by 

positioning an electro-optical component inside the laser's cavity. 

Q-switching: 

A procedure that involves isolating the cavity from the laser medium by enclosing the cavity in a 

closed shutter, which is essentially the Q-switch is there inside the cavity. The shutter opens as soon as 

laser pumping is finished, reestablishing the cavity's Q. The following are some essential conditions for 

efficient Q-switching: 

1) In order to create a sufficiently substantial population inversion, the pumping rate must be higher 

than the upper lasing level's spontaneous decay rate. 

2) The initial cavity losses must be considerable during the pumping duration to prevent beam 

development and oscillations. . 
3) In order for the beam to grow and extract excess energy that had previously accumulated in the 

higher laser level of medium, the cavity losses must be instantly decreased by abruptly adding 

high Q cavities . 

Electro-optical Q-switch: 

Some materials, known as optically active materials, have the capacity to rotate the polarization 

plane of light traveling through them. The electro-optic effect, which is a similar phenomenon, is 

observed in certain materials when an electric field is applied to them. The electro-optic materials can 

function like a fast Q-switch. To polarize the output laser, a polarizer must be placed in the cavity beside 

the crystal as illustrated in Figure 2.7. 

The crystal serves as a quarter waveplate and rotates the plane of polarization at a 45° angle as a 

voltage is applied. This results in the conversion of linearly polarized light to circularly polarized light. 

The mirror reflects the beam, which then bounces back through the cavity in the opposite direction. Its 

plane rotates an extra 45 degrees as it passes through an electro-optic cell, thus the plane-polarized light 

is polarized at a 90 degrees angle to the initial direction. 
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Figure 2.7: Q-switching Diagram 

. 
This light cannot get through the polarizer, therefore the cavity is turned off. The plane of 

polarization does not rotate when the voltage is zero, and Q-switching takes place. The voltage shift that 

is synchronized with the pumping mechanism may take less than 10 ns to produce, leading to 

extraordinarily efficient Q-switching. 

2.2 Vacuum System 

A stainless steel vacuum chamber that was evacuated with the help of an oil diffusion pump 

makes up the vacuum system. The following is a description of both of these elements: 

2.2.1 Vacuum Chamber 

The vacuum chamber that was utilized in this experiment was expertly crafted from stainless steel 

and had a cylindrical form, as illustrated in figure 2.8 . The chamber has a 22 em diameter having multiple 

apertures, including four smaller apertures with a diameter of approximately 2 em and six larger openings 

with a diameter of around 4 to 5 em. Every opening is locked with an 0 ring and serves a distinct purpose 

depending on the demands of the experiment. Pressure blanks are used to conceal the openings that are 

not in demand. It contains two quartz windows, one measuring roughly 7 em in diameter at the top of 

the cylinder and the other measuring about 4 cm in diameter on the side. One of its apertures is equipped 

with vacuum feedthrough. It is typically, a conductor deployed to convey an electrical impulse through 
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an enclosure. The feedthrough utilized in the research is an electronic feedthrough, which consists of a 

copper conductor that permits a voltage impulse of 5 kV and 10 A to transit through it. 

Figure 2.8: Vacuum Chamber (Top view). 

2.2.2 Oil Diffusion Pump 

An Oil Diffusion Pump is an apparatus, in which massive fluid molecules move at incredible 

speeds in the form of vapors, interact with the air molecules to be evacuated, and then influence the flow 

of molecules in a certain trajectory in the direction ofthe pump's exhaust. The name "diffusion pump" or 

"vapor jet pump" was coined due to the pump's pumping process, which is relied on the diffusion of gas 

molecules in a vapor jet. A clean atmosphere devoid of any potential oil vapor contamination was 

necessary for the majority of applications. ODP is used to reach such conditions and high vacuums, 

however additional safety measures are then required. 

2.2.2.1 Working Principle 

The ODP's operating principle may be described with the help of Figure 2.9. A boiler is used to 

heat oil to a vapor pressure of 1-2 mbar from its initial high molecular weight, normally 400-500 amu, 
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and low vapor pressure state. These boiled vapors pass via funnels and are released through three or even 

more jets into an area of lower pressure, which was regulated at around 10 mbar or less with the power 

of a rotary pump attached to the exit. The vapor stream is smooth while moving via funnels but becomes 

turbulent and molecular when exiting through funnels. The jet moves in the manner of a spreading skirt 

that expands downward and outward to the interior wall of the pump as a result of the expansion via the 

nozzles. This wall is cooled by water flowing through capillary pipes made of stainless steel that are 

looped around the wall ofthe pump. In this location, the vapor condenses and transforms back into liquid, 

which then flows through the wall and back into the boiler where it is heated and vaporized once more. 

Consequently, a continual cycle is initiated. If the gas pressure is low enough at the intake that it has 

molecular behavior, the fast-moving moving oil molecules probably will interact with the air molecules 

that drift into the jet. which will give them an extra downward velocity and lead them to travel through 

it toward the bottom of the pump. The pumped air keeps flowing at a higher pressure to the bottom 

section of the pump, passing tlaough the exit where it is pressed and withdrawn with the aid of a 

mechanical backup pump, and fmally discharged. 

The gas molecules should not be in a fluidic state because if they are, the jet will be broken up 

and the pumping activity would be destroyed. In order to attain molecular circumstances, the main pump 

was utilized to minimize the pressure at its intake to roughly 0.1 mbar . After that, ODP dramatically 

decreases the pressure in the chamber attached to its intake. 

In addition, the jet serves as a seal between the high-backing-pressure pump input and exit, which 

stops the backflow from exit to intake. The backflow from exit to intake sealing occurs only if the backup 

pump successfully kept the output pressure below a critical level. This critical value, also known as the 

critical backing pressure, corresponds to around tenths of the boiler's vapor pressure, which is what 

creates the jet. In any other scenario, the overpowering jet action coming from the outlet side stops the 

pumping activity. 
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Figure 2. 9: Typical Multistage Oil Diffusion Pump. 

The ODP's effectiveness is influenced by numerous variables. The speed at which molecules enter 

the jet stream is governed by the molecular flow rate at the nozzle's axis. The dimensions of the stream, 

its speed, density, and the weight of the oil molecules inside it all influence how quickly air molecules 

diffuse into the jet and how much downward momentum increases. This can be seen by the fact that very 

few gas molecules will receive the extra momentum needed to compress the gas below the jet if the jet 

is not dense enough, and too many molecules will prevent gas molecules from diffusing into the jet if it 

is too dense. Jet characteristics are influenced by the nozzle shape, the oil's viscosity, and vapor pressure, 

as well as its sustainability at high working temperatures (usually 200°C). It is important to keep in mind 

that not all air molecules that diffuse into the jet are delivered to the exit; some of them contact with oil 

molecules and as a consequence, gas molecules go upward against the direction of flow. Consequently, 

we may argue that the probability of further propagation and collision is indeed smaller than one. 

A significant disadvantage of ODP is backstreaming, where certain oil molecules begin to flow 

toward the sealed chamber after fleeing from the nozzle. If precautions are not taken, it will be possible 
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for oil molecules to pollute the surface of the chamber in comparatively minimal working time. 

Furthermore, Siliceous or Carbonaceous deposits may produce when it comes into interaction with 

electric discharges or heated filaments. 

In the pump intake, baffles are positioned above the nozzle to diminish this impact. A typical 

chevron baffle layout is illustrated in Figure 2.10(a) . It prevents oil molecules access to the chamber at 

all. As a result, they bump into it, get caught in the condensation and stored as a condensed liquid, trickle 

back into the pump, and eventually make their way back to the boiler. However, all of this comes with a 

0.3 -factor reduction in the conduction of gas molecules into the pump and the rate of the pump above the 

baffle. The insertion of a specifically made cap above is another approach that does not completely solve 

the issue but greatly decreases it. The nozzle system, also known as the cold cap, is illustrated in Figure 

2.10. (b). It is maintained significantly colder by being connected to a water-cooled pump body, where 

it intercepts and condenses an oil molecule. Thus, the boiler receives 95% or more of the back-streaming 

flow. 
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Figure 2.10: (a) Chevron Baffle, and (b) Cold Cap 

2.3 Ion Detector 

The function of an ion detector is the collection of ions that are generated in the plasma. The Langmuir 

Probe, which is illustrated in figure 2.11, is the most often used ion detector, which has probably a 5 mm 

diameter. It is an instrument utilized for plasma examinations that can measure the electron density, 

electron temperature, and other variables of plasma. It operates by introducing one or more electrodes 

into the plasma while maintaining a steady or time-varying electric potential between the electrodes or 

between them and the chamber. In our experiment, we used a homemade Langmuir probe ion detector. 
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The probe can be made from a thin metal rod i.e. aluminium. The length of the probe is about 10 mm 

while diameter of the probe tip is 0.38 mm. The probe should be mounted on a support, such as a ceramic 

rod, so that it can be easily positioned within the plasma. The support should also provide electrical 

insulation between the probe and the ground. We gather ion signals by providing a negative voltage to 

the probe and determine the various plasma characteristics by using measured potentials and currents. 

Figure 2.11: The Ion detector 

2.4 Oscilloscope 

An oscilloscope, commonly referred to as an oscillograph, is a device that graphically displays 

electrical signals and illustrates how these signals change over time. In our experiment, we have used 

Tektronix TDS-2024 (four-channel digital storage oscilloscope) with a frequency of 200 MHz and it is 

externally triggered. The common parts used in the digital storage oscilloscope are shown in the block 

diagram in Figure 2.12. The flrst part is an amplifler device that enables the magnitude of the input 

voltage signal to be adjusted to a suitable level. The input data is then sampled at defmed points in time 

by an analog-to-digital converter. Before entering a microprocessor, the acquisition storage component 

stores the values of the sampled signals. This executes signal processing operations, controls front panel 

control settings, and sets up the output display. After that, a display memory module stores the output 
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signal before it is sent to the display. This comprises a liquid crystal display, which can be either 

monochrome or multicolored. Instead of appearing as a continuous line like an analogue oscilloscope 

would, the signal is really presented as a series of discrete dots. However, the picture gets more and more 

like a continuous line as the dot density rises. The sampling rate used to digitize the analogue signal and 

the reading rate used to reassemble the original signal's memory contents have a direct impact on the dot 

density. 
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Amplifier/ 
Attenuator 

Display 

Analog to Digital 
converter 

Display 
memory 

~ 

Acquisition 
memory 
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Microprocessor 

Figure 2.12: The block diagram of the common parts used in the digital storage oscilloscope. 

Aside from exhibiting the amplitude of voltage signals, they can also showcase other factors such 

as phase and frequency. Furthermore, they have the capability to examine the waveform detected and 

calculate various signal traits including maximum and minimum signal levels, peak-peak values, mean 

values, rms values, as well as the rise and fall times. 
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CHAPTER 3 

Results and Discussions 

We have used the ion detector to examine the kinetic energy distributions and charge per pulse in 

order to explore the essential attributes of the ion emission from the laser-produced plasma. The time-of­

flight ion spectra obtained from an Aluminium (AI) target using an ion detector are illustrated in Figure 

3.1 . The ion detector was positioned 4.5 cm away from the sample, perpendicular to the sample's surface. 

Measurements were taken at double pulse mode having a wavelength of 532 nm each while keeping the 

energy of the first laser is 34 m] and the second laser is 62 m] . Each curve shows the average ion signal 

obtained for different delays of double-pulse with single shots. The second laser pulse has quife diverse 

effects on the plasma that was produced by the pulse of the first laser relying on the inter-pulse delay. 

The second pulse increased the plasma average charge state and maximal ion kinetic energy at longer 

delays, it also strongly enhanced the production of low-charge ions (particularly single-charge ions) at 

longer delays while leaving the energies and rates of high charge unaffected. 

Figure 3.2 displays t.o.f. data separately for each inter pulse delay from the same DP experiment 

performed on Aluminium targets that were produced using pulses with fluencies; 120.3 J/cm2 for the 

plasma laser and 219.4 J/cm2 for the probe laser, respectively. With the use of this laser fluence relation, 

we can examine the impact of a strong energy laser pulse on the plasma created by a low laser pulse. The 

signals are divided into two time-of-flight peaks with some delays between them. The lower t.o.fpeaks 

does not change their t.o.f position for changing inter-pulse delay whereas the higher t.o.f. peak is inter­

pulse delay-dependent and appears at 5.7 ~lS , 5.8 ~s, 6 ~s, 6.2 ~lS and 6.5 ~lS when the inter-pulse delay is 

550 ns, 570 ns, 600 ns, 650 ns, and 750 ns respectively. In this instance, the intensity of the first peak at 

lower t.o.f values is almost independent of the duration between the pulses. They remain at the same 

amplitude value. 
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Figure 3.1: ion signal at laser fluence 120.3 Jlcm2 and 219.4 Jlcm2 for 

wavelength 532nm at different inter pulse time. 

However, the intensity of a second peak at higher t.o.f. values were sensitive to the inter-pulse delay, its 

amplitude decreases as we increase the delay time between the pulses. When the delay is greater than a 

few microseconds, signals appear that are consistent with the development of two distinct plasmas, the 

later plasma is created after a delay that is comparable to the delay at which the probe laser was fired. 

The combined signals of double pulse and single pulse laser are mentioned in figure 3.3 . A Single 

Pulse (SP) experiment with the plasma laser of fluency 219.4 J/cm2 was shifted to a small value of t.o.f 

scale while the probe laser of fluency 219.4 J/cm2 (dashed black lines) was observed at the higher t.o.f 

value comparatively. However, the intensities and energy of these signals vary depending on the laser 

intensity. The peak intensity of the probe laser is greater than the plasma laser. SP signals have a large 

temporal range and peak at around -6.3 ~s and -1.9 ~s, respectively. The low-energy peak remained near 

1.3 /.is, registered by the plasma laser in SP experiments while the high-energy one was sensible to the 

inter-pulse delay. 
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Figure 3.2: T.oj traces collected from the ion probe in DP experiments at delays of 550 ns (a), 

570 ns (b), 600 ns (c), 650 ns and (d), 750 ns. Laser energies used to produce the plasma and to 

probe it were 120.3 J/cm2 and 219.4 J/cm2 J, respectively. The target was aluminum. 

The combined signals of double pulse and single pulse laser are mentioned in figure 3.3. A Single 

Pulse (SP) experiment with the plasma laser of fluency 219.4 Jlcm2 was shifted to a small value of t.o.f 

scale while the probe laser of fluency 219.4 Jlcm2 (dashed black lines) was observed at the higher t.o.f 

value comparatively. However, the intensities and energy of these signals vary depending on the laser 

intensity. The peak intensity of the probe laser is greater than the plasma laser. SP signals have a large 

temporal range and peak at around 3 lAS and 3.6 lAS, respectively. The low-energy peak remained near 1.3 

ps, registered by the plasma laser in SP experiments while the high-energy one was sensible to the inter­

pulse delay. The intensity of the low energy peak remains unchanged and no shift occurs with the 

increment of inter-pulse delay, while the intensity of the high energy peaks was decreasing and also their 

peaks are shifted to the higher t.o.fvalue as the delay between the pulse increases. The signals ofthe DP 

experiment were strongly displaced to a higher t.o.f. values and the positions ofthe peaks were discussed 

in figure 3.2. 
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Figure 3.3: Combined ion signal of SP and DP at laser fluencies of 120.3 J/cm2 

and 219.4 J/cm1 for wavelength 532nm at different inter-pulse time. 

The average kinetic energy and total charge per pulse for the Aluminum (Al) ions are investigated 

from the figure 3.1. the average energy of the ions is calculated as; 

(3 .1) 

Where M is the mass of Al ion, d is the distance between the sample's surface and ion detector, and 

average time < t > is given by 

I? tXV(t)dt 
< t > = --l.:l t,---­

I/ V(t)dt ' 
l 

(3 .2) 

where Vet) is the voltage measured by the ion detector and ti and tf are the times that correspond to the 

beginning and end of the ion signal. 

The average kinetic energy of the peaks for various inter-pulse delays is plotted in figure 3.4. the 

graph illustrates the comparison of the peak average energy of the plasma laser and the probe laser with 
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the inter-pulse delay. The probe laser's (the second laser which is used to heat up the plasma) peak 

average energy is plotted in graph 3.4 (a). The trend of this graph indicates that the energy decreases as 

we increase the inter-pulse delay. The decreasing trend is so smooth with delay. The plasma laser (The 

fIrst laser which generates the plasma) peak energy is plotted next to the probe laser in fIgure 3.4 (b). The 

flow of this graph shows no dependence of the inter-pulse delay on the peak energy at all. 
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Figure 3.4: Kinetic energy of Al ions as afimction of inter-pulse delay, K.E of plasma laser (a) and 

probe laser (b) . 

To study the effect of inter-pulse delay on ion' s charge per pulse Q, we simply integrate the 

corresponding ion spectra shown in fIgure 3.5 . As 

f. tf V(t)dt = f.tf RI(t)dt = f.tf R dQ dt 
ti ti ti dt ' 

(3 .3) 

Rf~f dQ = RQ, (3.4) 

f? V(t)dt Q = ---L-l __ 

R 
(3.5) 

Where R is the resistance across which ion signal is measured, Qi and Qf are the charges at the start and 

end of the signal and I (t) is the ion current at any given moment in time. 

Figure 3.5 shows the ion charge per pulse calculated for fIve different inter-pulse. The trend of 

the charge per pulse for small peaks (i.e. the probe laser peaks shows in fIgure 3.5 (a)) with the inter 

pulse delay shows same behavior as kinetic energy of the peaks (i.e. like with the increase of inter-pulse 
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delay the charge per pule decreases) . The decrease is due the fact that the peaks were going down in 

amplitude as delay enhanced which cause the decline in the peak K.E. 

The trend of the large peaks (i.e. plasma laser peak) shows very strange pattern illustrated in 

figure 3.5 (b). The investigation indicates that the charge per pulse were at highest point at the smallest 

delay (i.e. 550 ns), but as the delay increased up to 600 ns, the charge goes to minimum value. After that 

as the delay further increased above 600 ns to 750 ns, the charge starts growing to increases. 
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Figure 3.5: Ion charge as a/unction o/inter-pulse time o/plasma laser (a) and probe laser (b). 

Figure 3.6 shows kinetic energy distributions(KED) and reveal the effect of inter-pulse delay on 

the kinetic energy distribution of ions produced from ablation of an Al target with double and single 

pulse lasers. The KEDs of the double pulse laser are shown in Figure 3.5(a) for different delays and 

Figures 3.5 (b) and (c) show the KEDs of the plasma laser and probe laser, respectively, in the single 

pulse mode. It is clear that the KEDs of the double pulse laser overlap in the lower energy region, but a 

noticeable difference can be seen in the higher energy range. Furthermore, the area of the KEDs for the 

plasma laser is narrower than that of the probe laser due to its lower laser fluence (120.3 J/cm2 compared 

to 219.4 J/cm2 for the probe laser) . This dependence on the laser fluence suggests that it has a direct 

impact on the KEDs of the ion signals. The decay of ion intensity at high laser fluence is slower compared 
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to low laser fluence. The results also indicate that the double pulse laser has larger KEDs compared to 

the single pulse mode. 

120 

---550 n5 
100 ~570 n5 

.......- 600115 
-+-650115 

80 

2 
<!J 

-0 
2 60 
0.. 
E 
« 

40 

20 

0 500 1000 1500 2000 2500 

kinetic Energy (eV) 

12.0 

~ ~ 
10 F laser 1) 11 .5 

F laser2; 

~ ~ 
11.0 

QJ QJ 
"0 "0 
.~ .~ c. C. 10.5 
E E 
~ ~ 

10.0 

9.5 

0 20 40 60 80 100 200 400 600 800 

Kinetic Energy(eV) Kinetic Energy(eV) 

1000 

Figure 3.6: Kinetic Energy Distribution (KEDs) o/ions/or double pulse laser at delays 0/550 ns, 570 ns, 600ns 

and 650sn (a), single pulse plasma laser (b) , and probe laser (c) 
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CONCLUSION 

In summary, we have investigated the coupling between laser produced plasmas and probe laser 

pulses at varying inter-pulse time in the nanosecond time scale. We examined the impact of inter-pulse 

timing on the creation of ions produced by laser-produced plasmas (LPP) in a vacuum. The calculations 

were performed to study the effects on average kinetic energy, kinetic energy distributions of Al ions and 

charges per laser pulse produced by a 532 nm Q-switched Nd:YAG laser. For studying effects of 

changing inter-pulse delay, we used second harmonic i.e., 532nm. The analysis was carried out in the 

specific range of inter-pulse delays i.e., 550 ns, 570 ns, 600 ns, 650 ns and 750 ns. 

During this experiment, the initial stages will result in the creation of ions that rapidly expand. 

The remainder of the laser pulse will undergo screening and will partially be absorbed by the plasma 

core, particularly increasing the number of Al ions. A combination of a plasma produced by a laser with 

a second pulse can be utilized to assess the dynamics of plasma formation and growth in plasmas 

generated by lasers. 

In our observed ion signal, we observe a sharp increase in the amplitude of ion current that rises 

to a maximum value and then decreases slowly but the delayed laser gives another peak which then 

decreases as the plume begins to expand beyond ion detector. Also, we observed that the lower t.o.f peaks 

does not change their t.o .f position for changing inter-pulse delay whereas the higher t.o.f. peak is inter­

pulse delay-dependent and appears at 5.7 IlS , 5.8 IlS, 61ls, 6.21ls and 6.5 IlS when the inter-pulse delay is 

550 ns, 570 ns, 600 ns, 650 ns, and 750 ns respectively. 

We calculated average ion energy and charge per pulse for each inter-pulse delay and observed 

that ions of plasma Laser have no dependence on inter-pulse delay and decreasing linear behavior was 

seen with increasing inter-pulse delay for the probe laser. Same trend was followed by the ion charge per 

pulse as a function of inter-pulse delay. 
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