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Chapter 1  

Introduction 

 

1.1  Laser produced plasma (LPP) 

Plasma is called the fourth state of matter, and there are many ways to generate plasmas 

in the laboratory. One of the methods commonly used is to focus an intense pulsed laser 

on a matter of interest. Among the various laboratory plasmas, the laser-produced plasma 

(LPP) may be one of the most complex systems because of its transient nature combined 

with spatial inhomogeneities. The interest in studying the dynamic and thermodynamic 

evolutions of LPPs has greatly grown in the last fifty years, because of the impressive 

number of applications they have or potentially could provide in the future. In the 1970s, 

research on laser interaction with plasmas began, mainly motivated by laser-induced 

nuclear fusion. Since 1990s, in material science and nanotechnology, pulsed laser 

deposition (PLD) became a well-established method for fabricating thin films [1,2]. A 

strong correlation between the dynamics of the LPP and the quality of the thin films exists. 

In spectroscopic applications, laser-induced breakdown spectroscopy (LIBS) has 

attracted considerable interest in the last decade for its great capabilities in qualitative and 

quantitative elemental and isotopic analysis of multielement samples [3,4].  

The LPP can produce high-brightness extreme ultraviolet (EUV) radiation, which is 

currently being used as a light source in nanolithography. Much effort has been devoted 
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to developing a LPP-based high-brightness, narrow-band extreme ultraviolet (EUV) light 

at 13.5 nm wavelength, which has successfully entered high-volume manufacturing [5], 

and serve to manufacture the next generations of computer processors and other 

integrated circuits.  

Since the lithography tool manufacturer ASML announced that sources would be 

needed at 6. X nm for future lithography beyond 13.5 nm, interest has recently arisen in 

light sources near λ ~ 6.7 nm for the development of the next-generation lithography, 

termed “beyond-extreme-ultraviolet lithography” (BEUVL) because of the availability of 

La/B4C mirrors with a reflectivity of ∼40% in a 0.6% bandwidth near 6.7 nm [6]. LPPs 

are also considered a potential radiation source for water-window microscopy [7], which 

is important for high resolution in vivo microscopic biological structure imaging of 

samples. Intensive theoretical and experimental investigations are still in progress in 

order to obtain accurate knowledge of all the physical processes involved in the 

phenomenon.  

 

1.2  LPP Diagnostics  

Plasma diagnostics play a critical role in understanding the fundamental properties of 

LPPs, as well as its optimization for various applications. Typically, plasmas are 

characterized by their density and temperature, and most of their other properties 

(emission, absorption, opacity, average ionization, etc.) are directly related to these 

fundamental parameters. To capture the variations of these parameters during the entire 

lifetime of LPP, intensive diagnostic studies have been carried out in past two decades.  

Optical methods, such as interferometry  [8,9], shadowgraphs  [10], fast-gated 

imaging  [11–13] and optical emission spectroscopy (OES)  [14–16], are commonly 
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used in LPP investigations because of their high temporal resolution, nonintrusive 

character and simple experimental arrangement. However, each method has its own 

limitations. As an example, optical emission spectroscopy (OES) is considered to be one 

of the easiest methods to estimate basic parameters of the plasma. However, the use of 

this method at the earliest time of plasma evolution (< 50 ns) is rather difficult because 

of the presence of strong continuum emission. Interferometry employing visible laser 

light to probe the LPP is a versatile technique when the refractive index gradients caused 

by the plasma is moderately high (1024–1026 m -3) . However, this technique fails when 

the densities approach critical density of the probe beam. Fast-gated imaging can provide 

a global picture of plasma evolution. However, the quantitative information on density 

and temperature is not available. Furthermore, these methods are facing certain 

challenges for a comprehensive characterization of LPPs due to the small size and 

inhomogeneous nature of LPPs. In these methods, the signal is integrated along the line 

of sight, so only nonlocal information about the plasma is obtained. Besides, when using 

these methods, some assumptions are usually needed for deriving the density and 

temperature, such as homogeneous plasma, thermodynamic equilibrium, geometry, and 

symmetry. However, these assumptions may not necessarily be valid for complex LPP 

systems [17].  

An alternative experimental approach in LPP studies is collective Thomson scattering 

(CTS), which has received increasing interest in recent years  [18–20]. Thomson 

scattering (TS) has the inherent advantages of high spatial/temporal resolution and 

straightforward data interpretation, and the fact that time/space-resolved electron density 

𝑛𝑒  and temperature 𝑇𝑒  can be directly derived from the TS spectrum without any 

assumptions about the plasma thermodynamic state, composition, optical thickness or 
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symmetry  [20]. In the case of a typical LPP with 𝑛𝑒 > 1023 𝑚3  and 𝑇𝑒 > 10 𝑒𝑉 , 

when using a probe laser of visible wavelength, the scattering is collective. In this regime, 

the TS spectrum consists of an intense, narrow ion feature and a much weaker electron 

feature in the form of two satellites far apart. They correspond to scattering resonances at 

the ion acoustic wave and at the electron plasma wave frequencies shifted from the 

incident probe laser frequency  [21]. The electron features of CTS measurements on 

LPPs generated in gas or from solid targets have been previously reported  [18–20,22,23], 

where the electron density and temperature in the LPP at a time delay of 100 ns after laser 

irradiation were extensively investigated.  

Despite considerable experimental efforts and numerous studies on LPP modeling, the 

understanding of LPP generation and subsequent evolution is not yet complete, especially 

for the time interval during or soon after (i.e., < 50 ns) ablation pulse irradiation. Precise 

knowledge of LPPs in this time window is required to better understand plasma expansion 

dynamics and determine the appropriate experimental conditions for various LPP 

applications. It should be emphasized that, such knowledge is strongly required for 

optimazing EUV LPPs, because the LPPs emit EUV radiation during laser pulse time, 

and all the EUV source properties (e.g., in-band conversion efficiency, emission, opacity, 

amount of debris, etc.) are directly connected to the electron density and temperature and 

their distributions.  

However, experimental studies at this initial stage are quite limited because the intense 

continuum radiation is dominant; this makes it difficult to extract spectrum intensities and 

profiles, thereby strongly restricting the use of OES and the electron feature of TS. 

Furthermore, at this stage, the characteristics of LPPs (i.e., density, temperature, and 

velocity) change drastically in space and time. The diagnostic works to date typically 
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investigated the LPP evolutions at the time > 100 ns after the laser pulse, and the area >1 

mm above the target surface  [15,17,22,24]. A diagnosis of an LPP during or soon after 

the ablation pulse is quite challenging and remains a critical issue.  

Recently, the ion feature of CTS was found to be a feasible access to the time window 

of 0–50 ns  [25], for which the intensity is significantly superior to the electron 

feature  [21]. In addition, it could provide information about the drift velocity (𝑣𝑑) of 

ions. On the other hand, ion feature is typically two orders of magnitude narrower than 

that of the electron in the wavelength domain, and in most cases, the ion feature overlaps 

with Rayleigh scattering and stray laser light. This makes the detection of the ion feature 

a very challenging task because it requires an optical system with very high spectral 

resolution and stray light rejection.  

 

1.3  Theoretical background  

Besides the large number of scientific and practical applications of the LPPs, the study 

of its basic mechanisms is a great challenge, since the LPP properties depends on the 

target thermo-physical properties and laser beam parameters, and the physics of the 

process can be quite complex, given that it involves laser–solid interactions, laser–plasma 

interactions, and plasma expansions with its associated atomic physics and 

hydrodynamics.  

The expansion of the systems in which a great amount of energy is released in a point 

(strong explosion) is treated as the self-similar flow of a Sedov–Taylor shock wave, as 

described by Zel'dovich and Raizer [26], on the basis of previous works by Sedov [27] 

and Taylor [28]. This expansion model is used in different fields of physics to describe 

processes as thermonuclear explosions  [26–28], astrophysics phenomena as supernova 
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expansion [29] or laser-produced plasma expansion  [30–32]. Laser-produced plasma 

expansion into a vacuum has been studied theoretically for decades since the pioneering 

work of Gurevich et al.  [33], who treated the expansion of a quasi-neutral plasma at a 

constant electron temperature; the plasma behavior was found to be self-similar (scale 

invariant). Thereafter, the well-known self-similar expansion model, which treats LPP 

expansion as a problem of semi-infinite plasma rarefaction, was studied extensively using 

analytical and numerical calculations  [30,34]. In modeling works the laser absorption 

process is usually considered under extreme conditions. In the isentropic expansion 

model of Anisimov et al.  [35], it is assumed that all the laser energy is instantaneously 

deposited in the LPP as its internal energy at 𝑡 = 0 , whereas the kinetic energy is 

considerably small. Thereafter, the LPP undergoes adiabatic expansion, and the initial 

internal energy is converted into kinetic energy over time. Another widely considered 

model is that the plasma starts to expand at 𝑡 = 0, but continuous and constant laser 

absorption sustains isothermal expansion of the LPP; one example of this is a well-known 

isothermal expansion model proposed by Singh and Narayan  [1]. Owing to the lack of 

available experimental data, these models remain untested, particularly at the early stages 

of expansion. 

The present work concerns the study of one-dimensional (1D), non-relativistic, 

collisionless expansion into a vacuum of semi-infinite laser produced plasma. The 

approximation of a 1D description of the expansion is justified as long as lateral heat 

conduction and plasma expansion can be neglected. The model detail will be described 

with the results in Chapter 3.  
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1.4  About this study 

This work is motivated by the fact that, during laser irradiation, the expansion 

dynamics of LPPs generated from a plane solid target are yet to be fully understood. A 

precise diagnose on the electron density and temperature of LPPs in this time window 

can deepen the community’s understanding of the complex processes involved. It will be 

reported in Chapter 3, that the behavior of carbon LPPs during and immediately after the 

ablation pulse has been investigated. We specifically focused on the early time, from the 

peak of the ablation laser to 14 ns after that, and the area adjacent to the target (0.13–0.6 

mm). To this end, ion feature of CTS method was employed to reveal the 2D spatial 

distribution and temporal evolution of LPP characteristic parameters (𝑛𝑒 , 𝑇𝑒, 𝑣𝑑 ) with 

spatial and temporal resolutions of 0.05 mm and 4 ns, respectively. Such an investigation 

is not possible for most of the previously reported experiments, as they either had good 

spatial resolution but operated at a very late time  [18,19,22,23] or had poor spatial 

resolution and were averaged over a large volume of plasma  [14–16,36–39]. For the first 

time, the expansion dynamics of LPPs during laser pulses have been experimentally 

investigated and quantitatively analyzed. 

For LPP EUV sources, the EUV light is mainly produced during the laser pulse, the 

density and temperature information is especially important for EUV lithography 

application. The CTS method is further applied to beyond-EUV (BEUV) plasmas of 

gadolinium (Gd), to give a quantitative description of the distribution and evolution of 

𝑛𝑒  and 𝑇𝑒 . This is the first direct measurement of space and time-resolved electron 

density and temperature profile of Nd:YAG produced Gd plasma for BEUV light source. 

The measurement concentrated on the time during the laser pulse, -2 to 4 ns after the drive 
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laser peak. The dependence of the temperature of Gd plasma on laser power intensity is 

experimentally specified for the first time. This will be reported in Chapter 4.  

 

1.5  Structure of this thesis 

This thesis is structured as follows. In Chapter. 2, I introduce the principal of CTS. The 

following two Chapters are devoted to the results: In Chapter 3 the dynamics of carbon 

LPP that generate from a planar solid target are described. The first direct measurement 

of the electron density and temperature in the BEUV Gd plasma is provided in Chapter 4. 

The thesis ends with a short summary in Chapter. 5.  
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Chapter 2  

Principles of plasma parameter measurement and 

plasma production 

 

2.1 Introduction 

2.1.1 Plasma parameter measurement  

A diagnostic of studying the plasma conditions using a laser beam offers some great 

advantages. When the electromagnetic wave propagates through the plasma, its form can 

be classified into three, that is, transmission, refraction, and scattering. Among these, in 

the measurement of transmitted waves and refraction phenomena, information of the 

plasma density can be only obtained. In addition, the information is an integrated value 

along the optical path in the plasma, and no local value can be measured. On the other 

hand, in the measurement of scattering phenomena, it is possible to measure density and 

temperature as local values. The scattered wave is measured from a direction different 

from the incident wave and has information of the scattered light intensity, which depends 

on the electron density, and the scattered light spectrum contains information on plasma 

conditions. Therefore, the laser scattering method is an extremely effective means for 

knowing the spatial and temporal behavior of laser produced plasmas. 
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 2.1.2 Plasma production 

 Laser-produced plasmas (LPP) are used in various of applications. When a material is 

irradiated with an intense laser beam, the surface of which is ejected as gas or plasma. 

This process is called laser ablation [1]. This chapter also briefly describes how the laser 

irradiated material changes into the plasma state, focusing on the generation of free 

electrons. 

 

2.2 Laser diagnostic method [2–4] 

Since the theory of Laser scattering has been extensively described previously, this 

method is briefly reviewed. When the wavelength of the incident electromagnetic wave 

is 𝜆0  (nm) and the intensity is 𝐼0  (W/m2), as shown Fig. 2.1, the scattered light 

intensity 𝐼 (𝜆, 𝜃), whose wavelength is between 𝜆 and 𝜆 + 𝑑𝜆, in the θ (rad) direction 

at position r (m) is expressed as: 

 

𝐼(𝜆, 𝜃)𝑑𝛺𝑑𝜆 ∝ 𝐼0𝑛𝑉𝑑𝛺𝑑𝜆 (2.1) 

 

Where 𝑉 in m3 is scattering volume, 𝑛 in m-3 is particle number density in 𝑉, and 𝑑𝛺 

is the solid angle of the detector. In the equation (2.1), the proportional constant is referred 

to as the differential scattering cross section 𝜎 (𝜆, 𝜃), then,  

𝐼(𝜆, 𝜃)𝑑𝛺𝑑𝜆 = 𝐼0𝑛𝑉𝜎(𝜆, 𝜃)𝑑𝛺𝑑𝜆 (2.2) 

 

The value of σ (λ, θ) depends on the wavelength of electromagnetic waves, the type of 

scattering particles, and the state of the plasmas. The direction in which electrons are 
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vibrated by electromagnetic waves depends on the electric field direction of 

electromagnetic waves.  

  The scattering is classified by the wavelength 𝜆0 of the incident electromagnetic wave 

and the type of particles scattered. When the particle is a neutral particle and its diameter 

is sufficiently smaller than the wavelength of the incident electromagnetic wave, it is 

called Rayleigh scattering. If its diameter is equal to or greater than the wavelength of the 

incident electromagnetic wave, it is called Mie scattering. The main purpose of this study 

is to measure the 𝑛𝑒, 𝑇𝑒, and 𝑍𝑖 of laser produced plasmas, which change drastically in 

temporal and spatial. The application of Thomson scattering method and absolute value 

calibration by Rayleigh scattering enables spatia-temporal resolved measurement of 

electron density and electron temperature in the plasmas. The principle of Rayleigh 

scattering and Thomson scattering are described below. 
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2.2.1 Rayleigh scattering [3] 

 Rayleigh scattering is electromagnetic wave emitted as a result of constrained electrons 

in the neutral particle being forcibly vibrated by the electric field of the incident 

electromagnetic wave. The characteristic of Rayleigh scattering is that the intensity of the 

scattered light is proportional to the pressure and not affected by the shape of particles. 

The derivation of scattering cross section of Rayleigh scattering is shown below briefly. 

  When the incident electromagnetic wave is a plane wave of monochromatic light, the 

electromagnetic wave induces an electric dipole moment in atoms or molecules, and 

dipole radiation occurs. If the size of the dipole is sufficiently small compared to the 

wavelength of the light, the magnitude of the electromagnetic field acting on the dipole 

is constant throughout the dipole. Therefore, the force acting on electrons can be 

expressed as:  

 

𝐸 = 𝐸0 𝑒𝑥𝑝𝑗𝜔𝑡 (2.3) 

 

Where, E0 is the magnitude of the electric field, ω is angular frequency of incident 

electromagnetic wave. The equation of motion of electrons can be written as follows: 

 

𝑚
𝑑2𝑥

𝑑𝑡2
+ 𝑚𝜔0

2𝑥 =  𝑒𝐸0𝑒𝑥𝑝𝑗𝜔𝑡 (2.4) 

 

Where 𝑒 is charge of electron, 𝑚 is electron mass, and 𝜔0 is natural frequency. The 

first term on the left side shows the inertial force caused by electrons having mass. The 

second term represents the force acting on bound electrons, and the binding force is 
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proportional to the variation from the origin. The coefficient is 𝑚𝜔0
2  according to 

Hooke's law. Natural vibration does not interfere with forced vibration. When 𝑥 =

𝑥0 𝑒𝑥𝑝𝑗𝜔𝑡  is substituted and the differential equation is solved, x becomes as follows: 

 

𝑥 =
𝑒𝐸0

𝑚(𝜔0
2 − 𝜔2)

𝑒𝑥𝑝𝑗𝜔𝑡  (2.5) 

 

At this time, the dipole moment M is expressed by the following equation. 

 

𝑀 = 𝑒𝑥 =
𝑒2𝐸0

𝑚(𝜔0
2 − 𝜔2)

𝑒𝑥𝑝𝑗𝜔𝑡 (2.6) 

 

When the incident light is polarized, the differential scattering cross section σR(θ) per unit 

solid angle is obtained. This is obtained from the ratio of the time average of the pointing 

vector of the energy radiated to the unit solid angle by the oscillating dipole of the moment 

M and the time average of the pointing vector of the incident plane wave, and is as follows. 

 

𝜎𝑅(𝜃) = 𝑟0
2 (

𝜔2

𝜔0
2 − 𝜔2

)

2

(
1 + 𝑐𝑜𝑠2 𝜃

2
) (2.7) 

 

Where θ is scattering angle, and 𝑟0 is classical electron radius and expressed as: 

 

𝑟0 =
𝑒2

4𝜋𝜀0𝑚𝑒𝑐2
= 2.82 × 10−15 𝑚 (2.8) 
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As described in the next page, since𝜔0 ≫ 𝜔, ω in the denominator of (2.7) can be ignored. 

 

𝜎𝑅(𝜃) = 𝑟0
2 (

𝜔

𝜔0
)

4

(
1 + 𝑐𝑜𝑠2 𝜃

2
) (2.9) 

 

When the equation (2.9) is multiplied by 2𝜋 𝑠𝑖𝑛𝜃𝑑𝜃 and integrated, the cross section of 

Rayleigh scattering can be written as: 

 

𝜎𝑅 =
8𝜋

3
𝑟0

2 (
𝜔

𝜔0
)

4

(2.10) 

 

This equation shows that the light scattering is inversely proportional to the fourth power 

of the wavelength and is called the Rayleigh scattering equation. The Rayleigh signal is 

a signal from neutral particles, and information on neutral particles is obtained by 

measuring Rayleigh scattering. Also, using the property that the scattered light intensity 

of Rayleigh scattering is proportional to the density of particles, it is possible to calibrate 

the absolute value of the light receiving optical system. 

  The cross section for Rayleigh scattering depends on the species, which means that the 

measurement should be done with the same gas composition. For instance, the cross 

section of argon, nitrogen, and oxygen are 5.4 × 10-32 m2, 6.2 × 10-32 m2, and 5.3 × 10-32 

m2, respectively. [2,3] 
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2.2.2 Thomson scattering 

When an electromagnetic wave is injected to a stationary electron, the electron is 

accelerated by the electric field and radiates an electromagnetic wave having the same 

frequency as the incident electromagnetic wave. Scattering of electromagnetic waves by 

this free electron is referred to as Thomson scattering. When laser light enters isotropic 

plasma and is scattered by electrons in plasma, the scattered light intensity is not 

multiplied by the number of electrons of scattered light intensity by one electron. This is 

because the electron density is not completely uniformly distributed spatially due to 

thermal fluctuation or the like. That is, scattered waves are not completely canceled, and 

the observation of the scattering light is possible. Since the theory of Thomson scattering 

has already been established, it will be briefly described within the range where the 

relational expression necessary for the scattering measurement is clarified. 

In the coordinate system shown in Fig. 2.2, when a plane monochromatic 

electromagnetic wave 𝑬𝑖  enters one electron at position 𝒓𝑙 , electrons are accelerated 

and emit electromagnetic waves. 𝑬𝑖 is expressed as [5]: 

 

𝑬𝑖 = 𝑬0 exp[𝑗 {𝒌0 ∙ 𝒓𝑙(𝑡) − 𝜔0𝑡}] (2.11) 

 

Where, 𝒌0  is wave number vector, 𝜔0  is angular frequency, 𝑬0  is electric field 

strength vector. Then, the acceleration of the electron can be given as: 

 

𝑑2𝒓𝑙

𝑑𝑡2
= −

𝑒

𝑚
𝑬0 exp[𝑗{𝒌0 ∙ 𝒓𝑙(𝑡) − 𝜔0𝑡}] (2.12) 
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The electromagnetic field of the scattered wave at the detector position R can be written 

as follows:  

 

     𝑩(𝑹, 𝑡) = −
𝜇0𝑒

4𝜋𝑅
(𝛁𝑅𝑡′)

𝑑2𝒓(𝑡′)

𝑑𝑡2
  

≈ −
𝜇0𝑒2

4𝜋𝑚𝑐2 (
𝑹×𝑬0

𝑅2 ) 𝑒𝑥𝑝 [𝑗 {𝒌 ∙ 𝒓𝑙 (𝑡 −
𝑅

𝑐
) − 𝜔0 (𝑡 −

𝑅

𝑐
)}] (2.13)  

 

𝑬(𝑹, 𝑡) ≈  −
𝑒2

4𝜋𝜀0𝑚𝑐2
(

(𝑹 × 𝑬0) × 𝑹

𝑅3
) 𝑒𝑥𝑝 [𝑗 {𝒌 ∙ 𝒓𝑙 (𝑡 −

𝑅

𝑐
) − 𝜔0 (𝑡 −

𝑅

𝑐
)}] (2.14) 

 

Where, 𝜇0 and 𝜀0 are permeability and dielectric constant in vacuum, respectively, 𝑐 

is speed of light, R = |R|, and retard time 𝑡’ is given by: 

 

𝑡′ = 𝑡 −
|𝑹 − 𝒓(𝑡′)|

𝑐
≈ 𝑡 −

𝑅

𝑐
+

{𝑹 ∙ 𝒓 (𝑡 −
𝑅
𝑐 )}

𝑅𝑐
(2.15) 

 

Again,  𝒌 =  𝒌𝟎 – (𝜔0/𝑐)(𝑹/𝑅), (𝜔0/𝑐)(𝑹/𝑅)  is a wave vector of a scattered wave 

(𝒌𝒔  =  (𝜔0/𝑐)(𝑹/𝑅)). Since scattering of visible light is considered here, the transition 

of momentum to electrons can be neglected. Therefore, the magnitude of k is expressed 

as follows using scattering angle 𝜃𝑠. 

 

𝑘 ≡ |𝒌| = 2
𝜔0

𝑐
𝑠𝑖𝑛 (

𝜃𝑠

2
) (2.16) 
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The electromagnetic field of scattered waves due to N electrons is the sum of l in Eq. 

(2.13) and Eq. (2.14) and can be expressed as follows. 

 

𝐸𝑠(𝑹, 𝑡) ≈ −
𝑒2

4𝜋𝜀0𝑚𝑐2
(

(𝑹 × 𝑬0) × 𝑹

𝑅3
) 

× ∑ 𝑒𝑥𝑝 [𝑗 {𝒌𝒓𝑙 (𝑡 −
𝑅

𝑐
) − 𝜔0 (𝑡 −

𝑅

𝑐
)}]

𝑁

𝑙

(2.17) 

 

𝑩𝑠(𝑹, 𝑡) = (
𝑹 × 𝑬𝑠

𝑐𝑅
) (2.18) 

 

With Eq. (2.17) and (2.18), the Poynting vector is written as: 

 

𝑺𝑝(𝑹, 𝑡) =
1

𝜇0

(𝑬𝑠 × 𝑩𝑠) = 𝑐𝜀0|𝑬𝑠|2
𝑹

𝑅
(2.19) 

Then the average power reaching the detector is given by: 

 

〈𝑺𝑝〉𝑑𝒔 = |〈𝑺𝑝〉|𝑹2𝑑Ω (2.20) 

 

Where, 𝑑𝒔  is a surface-element vector of a detector, 𝑑Ω  is the solid angle to be 

stretched by the detector, the symbol 〈 〉 is a time average which is sufficiently longer 

than the period of electromagnetic waves or a transparent ensemble average. 

  The frequency distribution of the scattering power that reaches the detector can be 

derived. According to Wiener–Khinchin theorem, the frequency distribution can be 
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expressed as follows using the autocorrelation function Fourier transform of the field 

variables. 

 

𝐼(𝒌, 𝜔) =
1

2𝜋
∫ 𝑑𝜏𝑒−𝑗𝜔𝜏𝑐𝜀0〈𝑬𝑠(𝑹, 𝑡) ∙ 𝑬𝑠

∗(𝑹, 𝑡 + 𝜏)〉
∞

−∞

(2.21) 

 

By substituting (2.17) and (2.18) into (2.21), the differential scattering cross section is 

defined by the following equation: 

 

𝐼(𝒌, 𝜔)𝑑𝜔𝑅2𝑑Ω = 𝑁𝐼0𝜎(𝒌, 𝜔)𝑑𝜔𝑑Ω (2.22) 

 

Where, 𝐼0 (=  𝑐𝜀0|𝑬𝟎|2)  is incident wave intensity. Then, 𝜎(𝒌, 𝜔) can be written as 

follows: 

 

𝜎(𝒌, 𝜔) = {(
𝑒2

4𝜋𝜀0𝑚𝑐2
)

2

(
(𝑹 × 𝑬0) × 𝑹

𝑅3
)

2

}

×
1

2𝜋𝑁
∫ 𝑑𝜏𝑒−𝑗𝜔𝜏 〈∑ 𝑒𝑗{𝒌∙𝒓𝑙(𝑡)−𝜔0𝑡} ∙ 𝑒−𝑗{𝒌∙𝒓𝑙(𝑡+𝜏)−𝜔0(𝑡+𝜏)}

𝑁

𝑙,𝑚

〉
∞

−∞

 

           = 𝜎𝑇(𝜑)𝑆(𝒌, 𝜔)                                         (2.23) 

 

 

The dynamic form factor 𝑺(𝒌, 𝜔), which is important in considering the actual spectrum, 

is expressed as: 
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Fig. 2.2 Coordinate system of laser scattering 
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𝑆(𝒌, 𝜔) =
1

2𝜋𝑁
∫ 𝑑𝜏𝑒−𝑗𝜔𝜏 〈∑ 𝑒𝑗{𝒌∙𝒓𝑙(𝑡)−𝜔0𝑡} ∙ 𝑒−𝑗{𝒌∙𝒓𝑙(𝑡+𝜏)−𝜔0(𝑡+𝜏)}

𝑁

𝑙,𝑚

〉
∞

−∞

       

=
1

2𝜋𝑁
∫ 𝑑𝜏𝑒−𝑗(𝜔−𝜔0)𝜏 〈∑ 𝑒𝑗{𝒌∙𝒓𝑙(𝑡)} ∙ 𝑒−𝑗{𝒌∙𝒓𝑙(𝑡+𝜏)}

𝑁

𝑙,𝑚

〉
∞

−∞

=
1

2𝜋𝑁
∫ 𝑑𝜏𝑒−𝑗(𝜔−𝜔0)𝜏〈𝑛𝑒(𝒌, 𝑡)𝑛𝑒

∗(𝒌, 𝑡 + 𝜏〉
∞

−∞

 

 

The difference angle frequency is defined as 𝛥𝜔 =  𝜔 − 𝜔0, and in the following the 

dynamic form factor is denoted by 𝑆(𝒌, ∆𝜔). As shown in Eq. (2. 24), the scattered light 

spectrum is obtained by taking the spatial Fourier component of the electron density 

fluctuation having the same wave number vector, as the wave vector k determined by the 

shape of the scattering system and Fourier transforming the autocorrelation function with 

respect to time. In other words, the problem here is to obtain the spectrum of oscillation 

of the electron density in the plasma. The electrons and ions in the plasma are connected 

by Coulomb interaction, whose effect extends to the length of Debye length 𝜆𝐷  of 

electrons. Therefore, the relation between the wavelength of oscillation of electron 

density and 𝜆𝐷 are important for determining the scattering spectrum, and as a result, 

parameterα ≡ 1/(𝑘𝜆𝐷) was introduced [4]. Here we consider an isotropic collision less 

plasma consisting of electrons and one kind of ions. If the electron and ion temperatures 

have Maxwellian distributions, the dynamic form factor is given by the following 

equation using the Salpeter approximation [6,7].  

 

(2.24) 
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𝑆(𝒌, 𝜔)𝑑(𝛥𝜔) =
1

𝜋
1
2

Γα(𝑥𝑒)𝑑𝑥𝑒 +
1

𝜋
1
2

𝑍 (
𝛼2

1 + 𝛼2
) Γ𝛽(𝑥𝑖)𝑑𝑥𝑖 (2. 25) 

 

Where, 𝑘𝐵 is Boltzmann constant. 

Γγ(𝑥) =
exp(−𝑥2)

(1 + 𝛾2 − 𝛾2𝑔(𝑥))
2

+ 𝜋𝛾4𝑥2 exp(−2𝑥2)
 

𝑔(𝑥) = 2𝑥exp(−𝑥2) ∫ 𝑒𝑥𝑝 𝑡2
𝑥

0

𝑑𝑡 

𝑥𝑒 =
𝑐Δ𝜆

2𝜆𝑖 sin (
𝜃
2)

(
𝑚

2𝑒𝑇𝑒
)

1
2
   

𝑥𝑖 =
𝑐Δ𝜆

2𝜆 sin (
𝜃
2)

(
𝑀

2𝑒𝑇𝑖
)

1
2
 

α =
λi

4𝜋 sin (
𝜃
2)

(
𝑛𝑒𝑒2

𝜀0𝑘𝐵𝑇𝑒
)

1
2

 

β = (𝑍
𝑇𝑒

𝑇𝑖

α2

1 + 𝛼2
)

1
2

 

 

The frequency spread of the first term of equation (2.25) is about Doppler broadening 

𝜅(2𝑘𝑇𝑒/𝑚)1/2  due to the thermal velocity of electrons, which is called an electron 

feature. On the other hand, the frequency spread in the second term is about the Doppler 

spread S due to the thermal velocity of the ion, and is called an ion feature. Figure 2.3 

shows the function which determines the spectra of these features. 
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  The dynamic form factor, the ion feature and the electron feature are integrated 

with respect to the angular frequency and are denoted by 𝑆(𝑘), 𝑆𝑒(𝑘), and 𝑆𝑖(𝑘), 

respective, which are listed as follows: 

 

𝑆(𝑘) = 𝑆𝑒(𝑘) + 𝑆𝑖(𝑘) (2. 26) 

 

𝑆𝑒(𝑘) =
1

1 + 𝛼2
(2. 27) 

 

𝑆𝑖(𝑘) =
Zα4

(1 + 𝛼2){1 + 𝑎2(1 + 𝑍𝑇𝑒 𝑇𝑖⁄ )}
(2. 28) 

 

Figure 2.4 shows 𝛼 dependence of dynamic form factor under some conditions [6]. 

The electron density is directly connected to the intensity of the scattered light and can 

be obtained by integrating the intensity of the spectrum. Therefore, absolute calibration 

of the scattered light detection system is required. This calibration can be easily 

performed by measuring Rayleigh scattering from a gas of known density, for example, 

in air. The spectral widths of the measured spectra are actually convolutions of the true 

scattered spectra (Thomson or Rayleigh) and the instrument function of the spectrometer 

used to measure the spectra [8]. In this study, the electron density is obtained from the 

scattered light intensity of the ion feature. 

  Using the Rayleigh scattering intensity 𝐼𝑅 from the gas with known density 𝑛𝑁 and 

scattering angle 𝜎𝑅 measured with the same optical system as Thomson scattering, the 

electron density can be written as: 
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𝑛𝑒 = 𝑛𝑁

𝐼𝑡ℎ

𝐼𝑅

𝜎𝑅

𝜎𝑡ℎ

1

𝑆𝑖(𝑘)
(2.29) 

 

Where 𝐼𝑡ℎ  is total Thomson scattering intensity, 𝜎𝑡ℎ  is cross section of scattering of 

Thomson scattering. 

  Till now, it is assumed that the charge of ions in the plasma is one type. If the plasma 

contains ions of different ionization stages and the difference between their mass and 

temperature can be neglected, the ion valence number can be replaced by averaged ionic 

charge, which defined as follows:        

 

𝑍̅ =
∑ 𝑛𝑙𝑍𝑙

2
𝑙=1

∑ 𝑛𝑙𝑍𝑙𝑙=1

(2.30) 

 

Where 𝑛𝑙 and 𝑍𝑙 are the density and ionic charge of one type of ion, respectively. 

 

2.2.3 Scattering parameter α 

The spectrum and intensity of Thomson scattered light have different properties in the 

case of 𝛼 <<  1 and the case of 𝛼 ≥  1, as shown in section 2.2.2. In the limit 𝛼 <<

 1 , most of the scattered light intensity concentrates on the electron feature, and its 

spectrum reflects the electron velocity distribution function. This scattering is made by 

free electrons that move individually, which is called incoherent Thomson scattering.  

On the other hand, in the case of 𝛼 ≥  1, collective effects of electrons and ions appear 

in scattering, which is called collective Thomson scattering. Figure 2.5 shows a collective 
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Thomson scattering spectrum of Sn LPP, including the ion feature spectrum (a), electron 

feature spectrum (b), and whole spectrum (c) (ne = 4 × 1024 m-3, Te = Ti= 30 eV, Z=10, θ 

= 135°, and λi = 532 nm). The ion feature is in the form of an intense, narrow peak and 

the electron feature appears in the form of two satellites. Note that the spectral width of 

the ion feature is much narrower than that of the electron feature, so it is easier to measure 

electron feature from the viewpoint of rejecting stray light and wavelength separation. 

However, during or just after the laser irradiance, detection of the electron feature is 

difficult due to the dominate continuum radiation. For this reason, in the current study we 

focused only on the ion feature.  
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Fig. 2.5 (a) ion feature spectrum, (b) electron feature spectrum, and (c) whole 

spectrum of collective Thomson scattering. (ne = 4 × 1024 m-3, Te = Ti= 30 

eV, Z=10, θ = 135°, and λi = 532 nm) 
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2.3 Plasma production by laser [9–11] 

2.3.1 Characteristics of laser-produced plasma 

Low pressure gas is easily converted to plasma by applying radio frequency (RF) wave 

or microwave, but natural light which is the same electromagnetic wave, it is difficult to 

convert gas to plasma even if the intensity is the same. The difference between the two is 

that RF waves are coherent waves with uniform phases, whereas natural light is 

incoherent waves. On the other hand, the laser is able to generate coherent light with very 

high brightness, and plasma generation by light becomes possible. LPP have different 

characteristics from the plasmas generated by direct current discharge and high frequency 

discharge. Here, representative seven characteristics of LPP is introduced. 

 

1. Easily create high temperature / high density plasma. 

2. High purity plasma can be obtained in a state of being completely separated from 

a vacuum container or the like. 

3. Gas, liquid and solid can be converted into plasma. 

4. Multivalent ion plasma can be easily produced. 

5. A plasma having a very high pressure can be generated. In particular, when using 

implosion method it is more than the center of the sun. 

6. A plasma which emits X-rays is obtained. 

7. Very small (10 μm or more) plasma can be produced. However, plasma of large 

volume cannot be generated. 

 

Various applied research utilizing these features exists. Main examples, including 

inertial controlled fusion [12], short wavelength light sources [13,14], material 
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science [11], elemental analysis by emission spectroscopy [15–18], nano-particle 

generation [19], and so on.  

 

2.3.2 Plasma production and cut-off density 

The principle of plasma generation by laser can be understood by knowing the 

dielectric breakdown mechanism of gas which occurs when laser is focused on gas. In 

high-frequency discharge, an initial electron is accelerated by the high-frequency, and 

electron multiplication proceeds by the collision of electrons and atoms, resulting in 

dielectric breakdown. Discharge induced by laser also happens in essentially the same 

way, but the difference is that the initial electrons for electron multiplication are generated 

by multi-photon absorption process. Ionization in that case depends on laser intensity, but 

it is often caused by multiphoton absorption [20]. The ionization energy of Sn is 7.34 eV 

and the photon energies of CO2 laser, which is used for EUV light source, (10.6 μm) and 

Nd: YAG laser, which was used in chapter 4, (1064 nm) are 0.12 eV and 1.17 eV, 

respectively. Considering the case of a CO2 laser, 62 photons are simultaneously absorbed 

by Sn, and only one photoelectron is generated.  

As the laser is incident on the solid or liquid target, the target is heated and vaporization 

occurs. Initial electrons are generated from the vaporized target and the generated 

electrons are heated by the inverse-bremsstrahlung process: electrons are vibrated by the 

laser and absorb laser energy by three-body collision of photons, atoms and electrons. 

The high energy electrons collide with atoms, and the number of electrons increases due 

to electron impact ionization. If the amount of energy from the incoming laser is greater 

than the amount required for excitation and ionization, electron impact ionization will 

continue to occur, leading to an ionization avalanche. As a result, the number of free 
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electrons is rapidly increased, and an initial plasma is generated from the target surface. 

Then, the produced plasma is heated by the subsequent laser light.  

When the laser is injected to the target, the laser light can only penetrate to the critical 

density, which is also called the cut-off density 𝑛𝑐 and can be given by the following 

equation. 

 

𝑛𝑐 =
4𝜋2𝑚𝑒

𝜇0𝑒2𝜆2
(2.31) 

 

Equation 2.31 can be obtained from the electron plasma frequency 𝜔𝑝𝑒 which is given 

by 𝜔𝑝𝑒 = √𝑒2𝑛𝑒/𝜀0𝑚𝑒. In this study, Nd: YAG laser (1064 nm) were used to generate 

the laser plasmas and the cut-off densities of the lasers were calculated to be ~1027 m-3. 

 

2.3.3 Plasma heating 

Once the plasma is generated, laser can only propagate up to the cut-off density. Laser 

light absorption is important in laser plasma applications, especially for EUV light 

sources.  

Ionization proceeds as the electron temperature rises, and the generated plasma 

becomes a multiply ionized plasma of high temperature. Energy is absorbed by inverse-

bremsstrahlung process. The absorption coefficient 𝐾𝑎 in this process can be written as 

follows [21–23]: 
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𝐾𝑎 =
𝑍2𝑒6𝑛𝑒𝑛𝑖lnΛ

3𝜔2𝑐𝜀0
2(2𝜋𝑚𝑒𝑘𝐵𝑇𝑒)

3
2 [1 − (

𝜔𝑝𝑒

𝜔 )
2

]

1
2

(2.32)
 

 

Where lnΛ  is coulomb logarithm. Laser energy is mainly absorbed in the high 𝑛𝑒 

region, basically near the cut-off density, and the rest is reflected at the critical density 

point of 𝑛𝑒 = 𝑛𝑐. Here, one-dimensional plasma is considered and the distribution of 

electron density of LPP is assumed 𝑛𝑒  = 𝑛𝑐(1 − 𝑥 / 𝐿) , where L is scale length of 

electron density. As the laser propagates into a plasma, the laser absorption increases with 

increasing plasma density, and once the 𝑛𝑒 reaches 𝑛𝑐, the laser light is reflected by the 

plasma. The absorption rate can be written as follows: 

 

𝜂𝑎 = 1 − exp (−
32

15

ν𝑒𝑖𝑐

𝑐
𝐿) (2.33) 

 

Where ν𝑒𝑖𝑐 is collision frequency of electrons and ions at critical density point. Since 

ν𝑒𝑖𝑐 is proportional to Te
-3/2, the absorption coefficient decreases as the temperature rises. 

Calculating the energy injection due to laser and the energy loss due to the heat conduction 

of the electrons gives the relationship between the laser intensity and the absorption 

rate 𝜂𝑎, that can be given as: 

 

𝜂𝑎  ln(1 − 𝜂𝑎)−1 = 1011
𝐿𝜔

𝑐𝐼
(2.34) 

 

Here 𝐼 is the laser intensity and can be given as: 
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𝐼 = 𝜀0𝑐𝐸2 (2.35) 

 

Where 𝜀0  is vacuum dielectric constant, c is the speed of light, E is electric field 

strength of the light. Figure 2.6 shows a laser intensity dependence of absorptivity, that 

gives a clear picture that when the laser intensity increases, the absorptivity due to the 

inverse-bremsstrahlung shall decrease. 

To have an insight into the laser absorption process, in figure 2.7, scale lengths of 

electron density dependence of absorptivity of two different wavelength lasers (CO2 laser 

and Nd: YAG laser) when 𝐼 is constant (= 5×1013 W/cm2) are given. Compared with Nd: 

YAG, it can be seen that CO2 laser has extremely low absorption rate of laser. This can 

be attribute to the cut-off density for CO2 is two orders of magnitude smaller than Nd: 

YAG. Therefore, to obtain a sufficient laser absorption with a CO2 laser, the scale length 

in plasma needs to be extended. Assuming the plasma at this stage is undergoing a one-

dimensional isothermal expansion, the scale length 𝐿 is determined by the product of 

sound speed and expansion time, and increasing the laser pulse width increases the 𝐿. 

That is, it is considered that the laser absorption rate tends to increase with the long pulse.  

Due to the very small cross section for the TS process, the measurements always need 

laser pulses of high fluence for enough signal-to-noise. However, this may disturb the 

measuring plasma. In order to measure the LPPs with sufficient spatial resolution, it is 

necessary to set the laser spot size to about 50 μm. Since very high laser power density is 

used, the electron temperature may significantly rise due to the inverse-bremsstrahlung 

process. The possible influence on plasma temperature can be approximated as follows, 
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which may become a problem in plasma with high electron density and low electron 

temperature [3]: 

 

𝛥𝑇𝑒

𝑇𝑒
= 5.32 × 10−11 (

𝑛𝑒𝑍

𝑇𝑒
3 2⁄

) 𝜆3 {1 − 𝑒𝑥𝑝 (−
ℎ𝜈

𝑒𝑇𝑒
)} 𝐼0𝛥𝜏 (2.35) 

 

Where 𝑛𝑒  is electron density (m-3), 𝑇𝑒  is electron temperature (eV), 𝜆  is laser 

wavelength (m), ℎ is Planck constant (J･s), ν is frequency of laser photon (Hz), 𝐼0 is 

laser power density (W/m2), and 𝛥𝜏 is laser pulse width (s). 

In this equation, it is assumed that the energy absorbed by the inverse-bremsstrahlung 

process in the laser spot is directly converted to the thermal energy of the electrons. 

However, if the thermal diffusion coefficient χ [= 𝜅/(5/2𝑛𝑒𝑘𝐵) ] of the plasma is 

sufficiently large, the absorbed energy is also distributed to electrons that are away from 

the laser spot radius r0 by 𝛥𝑟 [=  (𝜒𝛥𝜏)1/2], where 𝜅 is heat conduction coefficient of 

Spitzer [21], 𝑘𝐵  is Boltzmann constant. The effect of probe heating will be explained in 

detail in Appendix.  
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Fig. 2.6 Laser intensity dependence of absorptivity 
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Fig. 2.7 Scale length of electron density dependence of absorptivity of CO2 

laser and Nd: YAG laser 
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Chapter 3  

Investigation of carbon LPP dynamics during the laser 

irradiation  

 

3.1 Introduction  

This chapter describes the diagnostic of the laser-produced carbon plasmas, during and 

just after the laser irradiation, at which time window the experimental data are very scarce 

so that many theoretical models remain untested. A clear evolution history of LPP 

expansion dynamics within 0–14 ns after the laser peak and in a region very close to the 

target (0.13–0.6 mm) is reported in this chapter. A table-top Nd: YAG laser (intensity 6 

×109 W/cm2, pulse 7 ns) was used to generate the LPP from a planar graphite target, 

whose width was arranged to be smaller than the laser spot diameter to produce a one-

dimensional planar expansion plasma near the target. The electron density ( 𝑛𝑒 ), 

temperature (𝑇𝑒), and drift velocity (𝑉𝑑) in the LPPs were measured using the ion feature 

of collective Thomson scattering, providing a space- and time-resolved 2D profile of the 

LPP.  

The experimental observations made it possible for the expansion dynamics to be 

compared directly with the LPP expansion models. The results suggest that during the 

laser pulse, the LPP is approximately isothermal and expands predominantly one-

dimensionally in the target normal direction, in which the LPP drift velocity is found to 

increase linearly with distance. The linear extrapolation of the velocity indicates that the 
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LPP has a considerable velocity at the initial target surface; this velocity is approximately 

the speed of sound derived from the observed 𝑇𝑒. The experimental results were found 

to be in moderate agreement with the 1-D self-similar isothermal expansion model. The 

ratio of the internal to kinetic energy in the observed area was ~0.6, as predicted by the 

isothermal expansion model. The experimental findings were compared with the results 

of the 2-D hybrid code STAR, and good agreement was obtained.  

 

 

3.2 Experimental design  

A schematic of the experimental setup is shown in figure 1. The plasma was generated 

using an Nd: YAG laser with a duration of 7 ns (full width at half maximum, FWHM) at 

1064 nm, operating at a repetition rate of 1 Hz, resulting in a highly reproducible plasma 

plume. The laser beam was focused using anti-reflection coated plano-convex lenses with 

focal lengths of 250 mm, creating a focal spot of approximately Φ = 0.65 mm (FWHM) 

on a 99.9% graphite target. The spatial profile of the ablation laser was measured using a 

charge-coupled device (CCD) camera (US-BEAM PRO). This planar graphite target was 

mounted on an XYZ axis translation stage (resolution of 1 μm), whose position was 

monitored by two CCD cameras in real time. The ablation laser energy was maintained 

at 0.2 J throughout the study, resulting in a peak laser power density of 6 × 109 W cm2⁄  

at the target surface. All experiments were performed in a vacuum of ~ 0.1 Torr.  

It is important to note that the width of the graphite target in the Y-direction (0.5 mm, 

see figure 2) was arranged to be narrower than the FWHM of the ablation laser spot, in 

order to create a relatively uniform laser power intensity on the target surface. The 
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intention was to make the created LPP a nearly one-dimensional planar plasma in the 

observation region.  

For the Thomson scattering experiment, a second Nd: YAG laser (532 nm, 4 ns duration, 

10 Hz repetition rate) was arranged orthogonally to the plasma-generating laser beam and 

parallel to the target surface. The probe laser energy was 4 mJ with a spot diameter of 

0.05 mm, yielding a fluence of approximately 2 ×  1010 W cm2⁄   in the scattering 

volume. A more detailed schematic of the measurement region with respect to the target 

is illustrated in the top view in Figure 2. 

The scattered light emitted from the LPPs was collected at 𝜃 = 135° with respect to 

the direction of the probe laser and then focused on the entrance slit (width 20 μm) of a 

custom-made spectrometer. The TS signal was finally recorded by an intensified CCD 

(ICCD) camera with a 5 ns gate width (PI-MAX, 1024 × 1024 pixels, pixel size 13 × 13 

μm). The signals were averaged over ten laser pulses. The details of the spectrometer 

structure and performance are reported elsewhere  [1]. The spatial resolution of the 

experiment was determined by the optical system, that is, the pixel size of the ICCD and 

the probe laser beam diameter. It was estimated to be 55 μm in the Y- and 50 μm in the 

Z-direction of the plasma plume.  

The time delay between the two laser pulses and the ICCD gate trigger was controlled 

by an electronic delay generator (DG645) and continuously monitored by a fast 

photodiode (200 ps rise time) and digital oscilloscope. In this study, a delay of zero 

(𝑡 = 0) corresponds to the temporal alignment of the probe laser and plasma generation 

laser peaks, e.g., at 14 ns, the probe laser is incident 14 ns after the ablation laser pulse 

(as measured peak-to-peak).  
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For time-resolved measurements, the ablation laser was moved relative to the probe 

laser and the ICCD gate. For the space-resolved measurements, images of the scattered 

spectra along the probe beam path (i.e., the Y-axis) were automatically observed. For 

measurements in the Z-direction, the target was moved along the direction normal to the 

target surface with respect to the probing beam to allow the TS signal from different 

positions of the plasma to be recorded by the spectrometer. 

The possible perturbation of the plasma by the probe laser is an important issue for LPP 

diagnostics using CTS. Electron heating might occur in the TS process by absorption of 

the probe laser light predominantly through the inverse bremsstrahlung (IB) process  [2], 

as given by Eq. (1) below, which strongly depends on the 𝑛𝑒 on the probe beam path, 

and the probe laser frequency 𝜔. As the ablation laser is focused onto the target at normal 

incidence, it can propagate into the LPP up to the cut-off density 𝑛𝑐. In contrast, the probe 

laser is arranged parallel to the target surface, which results in a low 𝑛𝑒 on the probe 

path, typically 1– 3 × 1025 𝑚−3 (that will be shown below in results and discussion). 

Moreover, the probe laser has a doubled frequency, making the ratio of plasma density to 

the probe cut-off density, 𝑛𝑒 𝑛𝑐⁄ , very small, typically < 0.01. As a result, the absorption 

of the probe energy is quite weak compared to that of the ablation.  
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Figure 1   Schematic layout of the experimental setup (top view).  

 

 

Figure 2   Position of the measurement area (indicated by dashed lines) relative to the 

target (top view). 
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3.3 Result and discussion  

Carbon LPP behavior was characterized by detecting the ion feature of CTS at multiple 

time delays (0–14 ns) and positions (0.13–0.6 mm from the initial target surface) to 

provide a comprehensive view of the early LPP dynamics.  

In figures 3(a)–(c), we present the typical ion feature of CTS spectra recorded at 

different delays (4, 9, and 14 ns) but at the same position, 0.3 mm from the initial target 

surface. The horizontal axis is the wavelength shift from 𝜆0 in nm, the vertical axis is 

the spatial dimension in the Y-direction in mm, and the laser is incident from the upper 

side. The area close to the probe wavelength of each spectrum was blocked in the 

spectrometer to protect the ICCD from strong stray light. Therefore, the TS signal close 

to the probe wavelength could be clearly recorded on the ICCD. Figure 3 clearly reveals 

that the CTS spectra becomes darker and narrower with time, indicating that both 𝑛𝑒 and 

𝑇𝑒 are decreasing. Moreover, one can also observe the length of the spectra elongates in 

the Y-direction with time, which results from the lateral plasma expansion. 𝑛𝑒 and 𝑇𝑒 

were obtained by finding the best fit for the spectral density function to the CTS spectrum, 

as shown in figure 3(d), where a typical CTS spectrum is presented, which corresponds 

to the area indicated by the dashed line in figure 3(b). To obtain the 𝑛𝑒 and 𝑇𝑒 profiles 

in the Y-direction, the same steps were repeated every 55 μm along Y. In the Z-direction, 

measurements were performed at several distances from the target surface to provide a 

2D view of 𝑛𝑒 and 𝑇𝑒. 

The equipartition time for energy transfer from electrons to ions is relatively short 

compared to the ablation laser pulse duration  [3]. In the present work, for typical 𝑛𝑒 ≈

1024– 1026 𝑚−3 and 𝑇𝑒  ≈ 10– 20 𝑒𝑉, the electron-ion relaxation time is estimated to 
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be < 1 ns, which is much shorter than the system temporal resolution and ablation laser 

duration. Therefore, the electron (𝑇𝑒) and ion (𝑇𝑖) temperatures can be assumed to be 

approximately the same (𝑇𝑒 ≅ 𝑇𝑖).  
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Figure 3 CTS spectra of carbon plasma 300 μm above the target surface, recorded at (a) 

4 ns, (b) 9 ns, and (c) 14 ns. (d) TS spectra fitting example for the position indicated by 

the dashed line in (b).  
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3.3.1 2D spatial resolved profiles of 𝒏𝒆  and 𝑻𝒆   and their temporal 

evolution 

The contour plots in figure 4 show the 2D profiles of 𝑛𝑒 and 𝑇𝑒 and their temporal 

evolution for time delays of 0–14 ns. The measurements were carried out for positions 

indicated by black dots, whereas the values in between result from a linear interpolation. 

The measured area is mainly a region −0.3 < 𝑌 < 0.3 𝑚𝑚 and 0.13 < 𝑍 < 0.6 𝑚𝑚, 

and for 0 ns, the area is further limited to 0.13 < 𝑍 < 0.3 𝑚𝑚. Outside was not visible 

or has a poor signal-to-noise ratio because the plasma density was very low and thus CTS 

signal can hardly be recognized.  

During the ablation pulse, as shown in figures 4(a) and (e), a dense, hot plasma formed 

close to the initial target surface (~300 μm in Z). It is apparent that the electron density 

exhibits a distinct maximum near the target surface and a steep gradient is observed in the 

target normal. Unlike 𝑛𝑒, the 𝑇𝑒 distribution at 0 ns is relatively uniform. Specifically, 

on the Z-axis (Y = 0), the electron density falls from 3.0 × 1025  to 1.0 × 1025 𝑚−3 

within 0.27 mm, while 𝑇𝑒 is spatially uniform, between 19 and 17 eV (see also figure 6). 

At 4 ns, as the ablation pulse is about to end, as illustrated in figures 4(b) and (f), the 

plume expanded preferentially in the target normal, with the plume front being beyond 

our observation area. As the ablation laser intensity decreased, the overall 𝑇𝑒  also 

slightly decreased. The electron density 𝑛𝑒 , in contrast, did not decrease with laser 

intensity, but increased slightly. The maximum density increased from 3.0 × 1025  to 

3.3 × 1025 𝑚−3 and the region of 𝑛𝑒 > 1025 𝑚−3 significantly enlarged. 

After the ablation laser was turned off, both 𝑛𝑒 and 𝑇𝑒 decreased with time; however, 

their behaviors were somewhat different. It is evident that the spatial gradient of 𝑛𝑒 in 
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the target normal rapidly decreases with time. For 9 and 14 ns, the 𝑛𝑒 was maintained at 

a high level of 𝑛𝑒 > 1025 𝑚−3  near the target, whose maximum stayed close to the 

initial target surface. This indicates that the plasma was continuously ejected from the 

target after the laser terminated. On the contrary, within the observation period, the 𝑇𝑒 

distribution was relatively uniform.  

However, after the laser duration, the high 𝑇𝑒 region moved in the direction normal to 

the target. At 9 ns, the high 𝑇𝑒 region was located 0.3–0.4 mm from the target. This is 

probably because the high-temperature plasma moves outwards as it expands. The 

movement speed estimated from the distance of ~ 0.2 mm, that the hot plasma moved 

within 5 ns coincided with the local plasma drift velocity (at 4 ns, 0.13 mm, ~40000 m/s, 

as shown in figure 6(a)). With the expansion and cooling of the plasma, the 𝑇𝑒 peak soon 

became indistinguishable. At 14 ns, the spatial distribution of 𝑇𝑒  in the bulk plasma 

became relatively uniform. 

Because of the high electron density and low electron temperature of plasma and the 

low photon energy of IR lasers, the inverse bremsstrahlung (IB) is the major absorption 

mechanism  [2]. IB absorption is usually described by the absorption coefficient 𝐾𝑖𝑏, 

which is approximated as follows  [4].  

𝐾𝑖𝑏 =
3.08 × 10−17𝑍𝑖𝑛𝑒

2 𝑙𝑛Λ

𝜔2(𝑇𝑒)
3
2

 
1

(1 − 𝜔𝑝
2 𝜔2⁄ )

1
2

 (m−1) (1) 

where 𝜔  is the laser frequency, 𝜔𝑝  is the plasma frequency, and 𝑙𝑛Λ  is the 

Coulomb logarithm. By measuring the electron density and temperature profile near the 

critical density 𝑛𝑐, we evaluated 𝐾𝑖𝑏. Using the measured value at z = 0.13 mm, where 

𝑛𝑒 ~ 3 × 1025 𝑚−3 , 𝑇𝑒 ~ 19 𝑒𝑉 , and 𝑍𝑖 ~ 4 , the absorption length 1 𝐾𝑖𝑏⁄   was ~ 0.6 
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mm. Because 𝐾𝑖𝑏  has a 𝑛𝑒
2  dependence on density, and it is shown that 𝑛𝑒  has an 

exponential profile in the target normal, this absorption process can be more effective in 

the region < 0.13 mm. A rough estimation of the absorption length can be obtained by 

taking 𝑛𝑒 ~ 𝑛0 ~ 6 × 1025 𝑚−3  near the initial target surface (as estimated in figure 

6(b)). The absorption length 1 𝐾𝑖𝑏⁄   was ~ 0.15 mm. By contrast, the plasma scale 

(shown in Eq. (5)) can be estimated using sound velocity 𝐶𝑠 = √(1 + 𝑍𝑖)𝑘𝑏𝑇𝑒 𝑚𝑖⁄ . At 0 

ns, 𝐶𝑠 =  25000 𝑚/𝑠, 𝑡𝐿 = 7 𝑛𝑠 (laser pulse duration), and plasma scale 𝐶𝑠𝑡𝐿 ~ 0.17 

mm. Therefore, the absorption length is comparable to the plasma scale length, indicating 

that most of the laser energy is absorbed by the plasma before it reaches the critical density. 

This is further discussed and confirmed in chapter 3.3.5 using the simulation results.  
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Figure 4 Streaked contour plot of time evolution in 0–14 ns of electron density (a)–(d) 

and temperature (e)–(h). The black dots correspond to experimentally determined values, 

whereas the values in between are linearly interpolated. 
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3.3.2 Drift velocity in 2D profile 

The overall shift of the TS spectrum in wavelength results from the projection of the 

plasma drift velocity ( 𝑣𝑑 ) in the direction of wave vector 𝒌 . The experimental 

arrangement causes the plasma to move towards the observer when it reaches the 

scattering volume. This results in a blueshift of the entire TS spectrum with respect to the 

probe wavelength, as shown in figure 3. Since 𝒌 is a linear combination of the Z and Y 

components of drift velocity (𝑣𝑧 and 𝑣𝑦), a precise determination of space-resolved 𝑣𝑑 

without assumptions requires measurements in two different directions. To determine the 
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local velocity, we assume that LPPs have axial symmetry with the target normal (i.e., Z-

axis).  

The derived 2D velocity profile of the LPP at 0 and 4 ns using axial symmetry is given 

in figure 5, compared with the simulation results (described in detail in chapter 3.3.5). In 

figure 5, an arrow indicates the plasma velocity vector; its origin is the measured point, 

its direction is the direction of plasma flow in the Y-Z plane, and its length corresponds 

to the magnitude of the velocity. The reference arrow on the top right shows a speed of 8 

× 104 m/s. The validity of the assumption is also verified by the simulation results.  

It is evident from figure 5 that the LPP expansion is highly one-dimensional in the 

direction normal to the target, especially in the region close to the symmetric axis. The 

good agreement between the simulation and experimental data supports the experimental 

observation. This is mainly due to the target thickness in the Y-direction (0.5 mm) is 

smaller than the FWHM of the laser spot (0.65 mm). This experimental arrangement 

resulted in a flatter laser intensity on the target surface. The length of the arrows, that is, 

the velocity, increases with an increase in the distance from the initial target surface z = 

0. In other words, the plasma is accelerated outward by the plasma pressure, as will be 

explained later. It should be noted that at 0 ns, the LPP already has a great velocity of up 

to 6 × 104 m/s in the target normal, suggesting that the absorbed laser energy has been 

partly converted into kinetic energy. At 4 ns, the plasma at the lateral edges has a higher 

speed than that at the center and starts to accelerate transversely to the outer space because 

the lateral pressure gradient becomes superior to the forward at the edge.  
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Figure 5  Drift velocity (black arrow) of the LPP at (a) 0 ns, and (b) 4 ns, derived with 

the assumption of axial symmetry. The simulated velocity results (blue arrows) are shown 

for comparison.  
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3.3.3 One-dimensional plasma expansion in target normal 

The highly one-dimensional plasma expansion in the early stage deserves more careful 

discussion. To investigate the evolution of the velocity in the target normal (viz., 𝑣𝑧) with 

time and space, we concentrate on the area near the symmetric axis of Y (Y = 0). The 

average value of the two data points at Y = ± 0.022 mm is used in the following discussion.  

The temporal evolutions of 𝑣𝑧 and 𝑛𝑒 along the symmetric axis are shown in figures 

6 (a) and (b), respectively. During irradiation (0 ns), the plasma had a velocity of 5 × 104 

m/s at z = 0.13 mm, which increased linearly with distance up to 8 × 104 m/s. At every 

time delay, the plasma velocities increased linearly with the distance. Later, the overall 

velocities decrease, and the velocity increment weakens. In other words, the observed 

expansion speed increases roughly proportionally to the distance from the initial target 

distance (i.e., 𝑣𝑧  ∝  𝑍 ) and decreases inversely proportionally to the time (i.e., 𝑣𝑧  ∝

 𝑡−1). At the same time, 𝑛𝑒 are found to decrease exponentially with distance from the 

initial target surface, with the 𝑛𝑒 gradient decreasing with time. This indicates that the 

plasma scale length introduced in chapter 3.3.1 increases with time. 

Another feature to note is that the extrapolation of the linear fitting of the velocity to 

the initial target surface, that is, z = 0, suggests that the LPP expands at a nonzero initial 

velocity at the initial target surface, as shown in figure. 6 (a). This extrapolated velocity 

at z = 0 is compared with the sound speed evaluated from the observed electron 

temperature at z = 0.13 mm as shown in figure 7, where the horizontal axis is the sound 

speed and vertical axis is the plasma velocity extrapolated to z = 0 (see figure. 6 (a)). It 

should be noted that the sound velocity decreases with time, corresponding to the decrease 

in the electron temperature after the laser pulse duration, as shown in figure 4 (e) to (h). 
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Figure 7 indicates that the linearly extrapolated velocity at z = 0 can vary with time in 

accordance with this time-varying change in ion sound speed.  

It is instructive to compare the observed velocity and density during laser irradiation 

with the well-known 1D planar isothermal self-similar solution, which has been 

extensively described in Ref  [5–7]. We assumed constant laser irradiation and, thus, a 

constant temperature. Using 𝑛𝑒 = 𝑍𝑛𝑖  (quasi-neutral condition), 𝑚𝑖 ≫ 𝑚𝑒, 𝑇𝑒 = 𝑇𝑖 =

𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (isothermal approximation), the basic equations describing the plasma 

flow in plane geometry are given by the equation of continuity and equation of motion:  

𝜕𝑛𝑖,𝑖𝑠𝑜

𝜕𝑡
+  

𝜕

𝜕𝑧
(𝑛𝑖,𝑖𝑠𝑜𝑣𝑖𝑠𝑜) =  0, (2) 

𝑚𝑖𝑛𝑖,𝑖𝑠𝑜(
𝜕𝑣𝑖𝑠𝑜

𝜕𝑡
+ 𝑣𝑖𝑠𝑜

𝜕𝑣𝑖𝑠𝑜

𝜕𝑧
) =  −(1 + 𝑍𝑖)𝑘𝐵𝑇𝑖𝑠𝑜  

𝜕𝑛𝑖,𝑖𝑠𝑜

𝜕𝑧
, (3) 

The self-similar solutions of Eqs. (2) and (3) are given by 

𝑣𝑖𝑠𝑜 = 𝐶𝑠 +
𝑧

𝑡
, (4) 

𝑛𝑖,𝑖𝑠𝑜 = 𝑛0 exp (−𝑧/𝐶𝑠𝑡) , (5) 

where 𝑛𝑖𝑠𝑜 , 𝑇𝑖𝑠𝑜 , and 𝑣𝑖𝑠𝑜  are the isothermal density, temperature, and velocity, 

respectively; 𝑛𝑖,𝑖𝑠𝑜 = 𝑛0 at 𝑧 = 0. As the surrounding gas pressure is considerably low, 

the gas-plasma interaction is not important. Here, 𝑧  corresponds to the initial target 

surface in Z-direction. This model predicts that i) the ions expand in the target normal 

with sound velocity at 𝑧 = 0 and increases linearly with distance, and ii) the ion density 

decreases exponentially in the target normal with distance. Both of these predictions are 

in rough agreement with our results (see figure 6 and 7). It should be noted that this 

isothermal expansion model is very different from the isothermal one proposed by Singh 

and Narayan  [8], in which the density profile is considered a Gaussian function.  
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Figure 6  (a) Drift velocity 𝑣𝑑 with linear fitting, and (b) 𝑛𝑒 with exponential fitting. 

Symbols and lines: experimental data, which are the average values of the two data points 

at points Y = ± 0.022 mm; dashed lines: fitting lines.  
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Figure 7  Drift velocity 𝑣𝑧 at target surface, derived from extrapolation of 𝑣𝑧 linear 

fitting at Z = 0, versus sound velocity 𝐶𝑠, derived from 𝑇𝑒 at 0.13 mm, assuming that 

plasma is isothermal. The solid line indicates 𝑣𝑧 =  𝐶𝑠 
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3.3.4 Partition between internal and kinetic energies 

The partition between the internal and kinetic energies of the LPP is important because 

it decides the expansion of the plume at a later time. Three kinds of energies are included: 

kinetic, internal, and radiative energy. However, in the present study, we consider only 

kinetic and internal energy for the radiative loss is not important and is negligible in low-

Z plasma cases such as carbon. 

For isothermal expansion, the temperature of the LPP is considered to be a constant for 

time and space. To sustain isothermal expansion, the required energy flux is evaluated by 

𝐼𝑖𝑠𝑜 =
𝑑

𝑑𝑡
∫ 𝑛𝑖 [

3

2
(1 + 𝑍𝑖)𝑘𝐵𝑇𝑖𝑠𝑜 + 𝐼𝑧 +

1

2
𝑚𝑖𝑣𝑖𝑠𝑜

2] 𝑑𝑧
∞

0

, (6) 

The first term in Eq. (6) represents the internal energy (IE), 𝐼𝑧 is the ionization energy 

required for C I to C IV, and the third term represents kinetic energy (KE).  

Substituting Eqs. (4) and (5) into Eq. (6), we obtain, 

𝐼𝑖𝑠𝑜 = 𝑛0𝐶𝑠 [
3

2
(1 + 𝑍𝑖)𝑘𝐵𝑇𝑖𝑠𝑜 + 𝐼𝑧 + 

5

2
(1 + 𝑍𝑖)𝑘𝐵𝑇𝑖𝑠𝑜] , (7) 

for 𝑍𝑖 = 4 and 𝐼𝑧 = 148 𝑒𝑉. Using the extrapolation of the experimental data at z = 

0, that is, 𝑛0 = 6 × 1025 𝑚−3, 𝑇𝑖𝑠𝑜 = 19 𝑒𝑉, 𝑍𝑖 ~ 4 𝑎𝑛𝑑 𝐶𝑠 = 25000 𝑚/𝑠, we get,  

𝐼𝑖𝑠𝑜 = 3.2 × 109 𝑊/𝑐𝑚2, (8) 

which is approximately half the laser power intensity. The discrepancy between the 

calculated energy flux required to sustain the isothermal expansion and the laser intensity 

irradiation on the target could be ascribed to the uncertainty of 𝑛0 , which may be 

underestimated by extrapolation of the experimental data.  

 It is pertinent to note that the isentropic model by Anisimov  [9] treats all the 

absorbed laser energy as internal energy, and the kinetic energy is considerably small. By 
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contrast, the isothermal model assumes a constant laser absorption intensity to sustain 

isothermal plasma expansion, as shown in Eq. (7), which suggests that 𝐼𝐸/𝐾𝐸 = 3/5 in 

general. It should be mentioned that this ratio is independent of the variation of the 

incident laser pulse intensity, and thus the plasma temperature 

The measured IE/KE ratio and the total energy history of the LPP are plotted in figure 

8. Here IE = ∫
3

2
𝑛𝑖(𝑧)(1 + 𝑍)𝑘𝐵𝑇𝑑𝑧

0.6𝑚𝑚

0.13𝑚𝑚
 , and KE = ∫

1

2
𝑛𝑖(𝑧)𝑚𝑖𝑣𝑖(𝑧)20.6𝑚𝑚

0.13𝑚𝑚
𝑑𝑧 , 

where 𝑛𝑖(𝑧) and 𝑣(𝑧) are taken from the values given in figure 6. As can be seen in 

figure 8, in the laser duration, the observed IE/KE ratio is approximately 0.6 for t < 9 ns, 

which agrees well with the isothermal expansion model described above. At 14 ns, the IE 

of the plasma, unexpectedly, slowly increases with time. This is mainly due to the 

measurement area is limited to a region very close to the target; farther areas, where the 

plasma has more kinetic energy, are beyond our observation. In figure 8, the total energy 

is normalized to its maximum value to facilitate comparison. The increase between 0 and 

4 ns can be explained by the external supply of energy by the laser, and the energetic 

plasma enters the observation area. Thereafter, as the laser extinguishes, no more energy 

is pumped into the plasma, and hence, the energy falls immediately with the free 

expansion of the LPP. On the other hand, despite the drastic variation in the total energy 

up to 9 ns, the ratio of IE/KE within the observation region remained approximately 0.6. 

It can be concluded that the isothermal expansion model can better describe the IE/KE 

ratio, and thus, the LPP expansion dynamics, compared to the adiabatic expansion model.  
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Figure 8  Time evolution of IE/KE ratio and normalized total energy in the observation 

region (0.13–0.6 mm in target normal) 
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3.3.5 Simulation 

Numerical simulations were made with the 2D arbitrary Lagrangian-Eulerian radiation 

hydrodynamic codes STAR  [10] using the experimental configuration (i.e., spatial and 

temporal laser profile and target scale) to calculate the measured parameters including 

𝑛𝑒, 𝑇𝑒, and 𝑉𝑑 in the experimental observation region in a cylindrical coordinate. In the 

simulation, the SESAME table  [11] was used as the carbon equation of state (EOS). 

Electron thermal conduction was calculated based on the flux-limited Spitzer-Harm 

model with a flux limiter of 0.1. Radiation transport was calculated using the radiation 

opacity based on the screened hydrogen atomic model. 

The simulation results were averaged over ± 2 ns in time and 50 × 50 μm in space to 

enable a direct comparison between the calculations and experiments. The results of 𝑛𝑒 

and 𝑇𝑒 at 0 and 4 ns are presented in figure 9 as contour maps, corresponding to the 

experimental results shown in figure 4. The 𝑉𝑑  profiles together with results of the 

measured velocities is given in figure 5. The results demonstrated reasonably good 

agreement with the experimental values.   

A more intuitive comparison of 𝑛𝑒 , 𝑇𝑒 , and 𝑉𝑑  between the simulation and 

experiment in the area near the symmetric axis (same as the area discussed in chapters 

3.3.3 and 3.3.4) is shown in figure 10, where the calculated parameters are taken along 

the axis averaged over 50 μm. This is consistent with the size of the scattering volume, 

viz., the spatial resolution of the measurement. The closed symbols represent the 

experimental values on the symmetry axis shown in figures 4 and 5. The simulated values 

(𝑛𝑒, 𝑇𝑒, and 𝑉𝑑) are in quantitative agreement with the measurement results.  
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The good agreement between the experiment and simulation strengthens our 

confidence in the capabilities of the simulation to study the physics of LPPs in the region 

much closer to the target surface, where cannot be easily quantified by experimental 

methods.  

As discussed in chapter 3.3.1, the experimental results at 0 ns imply that the under-

dense plasma formed could absorb most of the laser energy before it reached the critical 

density. This effect is clearly seen in figure 11, where the simulated electron density and 

variation in laser irradiance versus distance ranging from 0 to 0.2 mm are plotted. It is 

evident that the laser energy was sufficiently absorbed in the under-dense plasma, and 

only 1/6 of the total laser energy reached the critical surface. The density jump (critical 

surface) at 25 mm was due to the spatial and temporal averaging of the simulation results, 

as described above. We believe that this is a general feature of nanosecond laser 

absorption in a low-Z LPP produced with a laser intensity 109 − 1010 𝑊/𝑐𝑚2 . 

Recalling Eqs. (4) and (5), the isothermal model implies, due to the expansion, the 

plasma density decreases, and hence a rarefaction wave propagates in the negative 

direction (−𝑧 ) at the sound speed 𝐶𝑠  [7]. Under isothermal condition, the rarefaction 

wave front in the target at time 𝑡  is 𝑧 = −𝐶𝑠𝑡 . This implies that in the present 

experiment, the target should be ablated at the speed of sound; if so, a deep crater may 

soon be created on the target surface. A rough estimation of the crater depth in our case, 

by taking typical 𝐶𝑠 = 25000 𝑚 𝑠⁄  and 𝑡 = 7 𝑛𝑠, would indicate that the target can be 

ablated for 0.17 mm by a single pulse. However, this was not observed in this study. 

Previous studies on ablation crater depth also reveal that  [12,13], under a laser irradiance 

of 109 to 1011 W cm2⁄ , the crater depth created is typically < 10 μm for a single pulse. 

Therefore, Eqs (4) and (5) are applicable only for 𝑧 > 0.  
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This contradiction can be explained as follows. Owing to the short electron-ion 

relaxation time in comparison with the laser pulse time, 𝑇𝑖~𝑇𝑒 is achieved in the laser-

absorption region, where the plasma pressure drastically increases in a limited region near 

the critical density. This pressure drives a compression wave that propagates into the 

target. The compressed region, where the plasma has a negative velocity, is clearly 

observed in the inset of figure 12. On the other side, the formed plasma starts to expand 

into vacuum. In figure 12, the simulated plasma velocity 𝑣𝑧 reaches the sound speed 𝐶𝑠 

at ~ 47 μm from the critical density. The region between the sonic point and the 

compressed region is usually referred to as the ablation layer  [14]. In this case, the 

expansion of the under-dense plasma can no longer influence the target because the 

disturbances do not propagate beyond the sonic point.  
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Figure 9  Streaked contour plot of the numerical simulation results of electron density 

(left column, (a) and (c)) and temperature (right column, (b) and (d)) at 0 ns and 4 ns. 
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Figure 10  Calculated and experimental results at 0 and 4 ns of (a) electron density, (b) 

electron temperature, and (c) drift velocity.  
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Figure 11  Calculated 𝑛𝑒 and laser irradiance versus distance in the target normal. The 

laser irradiance is an average value for every 0.05 mm in Z.  
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Figure 12  Calculated 𝑣𝑧 and 𝐶𝑠 near the target. The intersection indicates where the 

plasma reaches the speed of sound. The inset shows a zoom where the plasma has a −𝑧 

velocity that can be better seen. 

 

 

 

3.4 Summary 

In this study, this chapter reported a 2D evolution history of LPP expansion in vacuum 

within 0 to 14 ns after the ablation peak and in a region very close to the target (0.13–0.6 

mm). Plasma was created by focusing an Nd:YAG laser beam (6 × 109 W/cm2 and 7 ns 

pulses at 1064 nm wavelength) on a planar graphite target, whose width was smaller than 

the laser spot diameter. The purpose is to obtain a relatively uniform laser intensity on the 

target and, therefore, to realize a one-dimensional LPP expansion. The electron density 

(𝑛𝑒 ), temperature (𝑇𝑒 ), and drift velocity (𝑣𝑑 ) in carbon LPPs were spatially and 
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temporally characterized using the space- and time-resolved ion features of collective 

Thomson scattering.  

The measured data plotted in 2D contours clearly revealed the LPP dynamics at this 

early stage. At the ablation laser peak, the LPP had a great density gradient but a relatively 

uniform temperature. The maximum 𝑇𝑒 was found at the laser peak. Assuming an axial 

symmetry of Y = 0, the 2D velocity profiles of the LPP were determined, which showed 

that the early LPP expansion was nearly one-dimensional in the direction of the target 

normal during the laser pulse. Furthermore, the measurements of 2D profiles of not only 

𝑛𝑒  and 𝑇𝑒  but also 𝑣𝑑  made it possible for the observed expansion dynamics to be 

compared directly to the isothermal expansion model.  

The velocity and density profiles along the target normal showed that the LPP drift 

velocity increases linearly with distance from the initial target surface, while the density 

decreases exponentially. Importantly, linear fitting of the velocity indicated that the LPP 

has a considerable initial velocity near the target surface, which is approximately the 

speed of sound derived from the observed 𝑇𝑒. The partition of the internal and kinetic 

energies was evaluated using the observed electron density, temperature, and plasma 

velocity in the target normal. The ratio of the energies was found to be IE/KE ~ 0.6 within 

the ablation laser duration. These results are in agreement with the prediction of the one-

dimensional self-similar isothermal model; therefore, we consider that this model can 

better describe the LPP dynamics than adiabatic models, at least during laser irradiation 

and up to approximately 10 ns after the laser pulse.  

The results obtained with the STAR simulation showed quantitative agreement with 

the experimentally measured values and supported the experimental finding that the LPP 

undergoes a 1D expansion in the ablation laser duration. Moreover, the simulation results 
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were used to study the physics of LPPs in a region much closer to the target surface, where 

cannot be directly measured by experimental methods. The simulated results clearly 

revealed that the majority of the laser energy was gradually absorbed in the under-dense 

plasma through the inverse bremsstrahlung before it reaches the critical density.  

We also noticed that the isothermal self-similar solution was only established for z > 0. 

This can be explained by the observation that the plasma expands into a vacuum at the 

speed of sound; therefore, the rarefaction wave cannot propagate into the target. This is 

also supported by the simulation results. 
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Chapter 4  

Measurements of electron temperature and density 

profiles in Gd LPP for Beyond-EUV lithography  

 

4.1 Introduction  

In the last decade, short wavelength laser produced plasma (LPP) sources in the 

extreme ultraviolet (EUV) and soft X-ray (SXR) regime have verified their relevance for 

micro-lithography and microscopy applications. Considerable interests have recently 

arisen in light sources around 6.5–6.7 nm for the development of the next-generation 

lithography, so-called beyond-EUV lithography (BEUVL). The choice of 6.5–6.7 nm is 

based on the availability of mirrors; EUV emission at this wavelength lies in the reflection 

region of a La/B4C or Mo/B4C multilayer mirror, having a maximum reflectance of up to 

80%  [1]. High-Z plasmas of rare-earth elements gadolinium (Gd) and terbium (Tb) 

produce strong narrow band resonance emission due to an n=4−n=4 intense unresolved 

transition array (UTA), around 6.7 nm. 

The spectral behavior of Gd LPPs has been extensively investigated for a wide range 

of production conditions and target properties, to achieve higher conversion efficiency 

(CE) and spectral purity (SP). The optimum plasma must be hot enough to maximize the 

population of the isoelectronic ions, Gd17+− Gd19+  [2]. Theoretical and experimental 

investigations estimated that the efficient output of BEUV radiation from Gd plasma 
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should be in the range of temperatures around 100−120 eV  [3–5]. To achieve this, high 

laser intensity > 1011 W cm-2 is required.  

Meanwhile, this optimum high-Z plasma should have an optimum density on a 

moderate scale, for strong self-absorption in dense plasma can reduce the intensity of 

resonance lines thereby limiting the source output  [6]. Aside from the plasma 

temperature and density, the plasma volume also plays a role in the emission, affecting 

both opacity and hydrodynamic expansion loss  [2,4]. The optimum condition for 

efficient BEUV output is therefore a highly complicated function of plasma density, 

temperature, and their spatial distributions.  

The main optimization parameters of a single-laser LPP system for efficient BEUV 

output include laser intensity, spot size, and pulse duration. Optimization of these 

parameters can considerably improve SP and CE of laser energy to EUV photons. 

However, despite great experimental and computational efforts have been spent in 

studying BEUV LPP spectral behaviors, the dependence of plasma temperature on laser 

intensity and spot size is still poorly understood so far for lack of precise measurements 

of electron temperature.  

In this chapter, we report the first direct measurement of space and time-resolved 

electron density and temperature profile of Nd:YAG produced Gd plasma by ion feature 

of CTS. We focus on the time during the laser pulse, -2 to 4 ns after the drive laser peak. 

We mainly investigated the dependence of the temperature on laser power intensity, which 

changed by adjusting laser energy and spot size on the target; We show these two ways 

can cause different temperature profiles in Gd plasmas.  

We also utilized the radiation-hydrodynamic code STAR2D  [7] for calculating the 

density and temperature profile of Gd plasma. The calculation is validated against 
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corresponding experiments, and simulation results are used to further understand the spot 

effect on 𝑇𝑒  profile and to find the position of the optimum 𝑛𝑒  and  𝑇𝑒 . The 

dependence of the electron temperature 𝑇𝑒  on the laser intensity is then explicitly 

revealed, by both experiment and simulation.  

 

 

4.2 Experimental design  

The experimental layout is basically the same as described in chapter 3.2. The 

experiment layout, again, given as figure. 1. In this study we vary two parameters of the 

ablation laser: spot size on the target surface and laser energy.  

The drive pulses are focused onto a pure Gd target at normal incidence, creating a focal 

spot of approximately 0.15 and 0.25 mm diameter (FWHM) on the target. The focal spot 

size at the target surface was measured using a beam profiler. The laser pulse energy is 

varied from 89 mJ to 340 mJ, leading to laser intensity approximately ranges from 1.8 × 

1010 W cm-2 to 1.0 × 1011 W cm-2. Measurement is performed at Z = 150 and 250 μm 

above the target surface. Measurement at a closer distance (Z < 150 μm) is very necessary 

but yet to be carried out in the present work due to some unsolved experimental 

difficulties such as stray light problems. As Gd has a large atomic mass, the expansion of 

Gd LPP is quite slow, resulting in a low electron density at farther distances from the 

target surface. The TS signal thus become undistinguishable at Z > 250 μm.  
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Figure 1  Schematic layout of the experimental setup (top view).  
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4.3 Results  

4.3.1 CTS results 

Fig. 2 (a)~(d) presents a series of images of the CTS spectra recorded for time delays 

ranging from -2, 0, 2, 6 ns, at 150 μm above the target. The horizontal axis is the 

wavelength difference 𝛥𝜆 from 𝜆0, while the vertical axis is the Y-axis (i.e., probe laser 

path). The central part of the image (± 15 pm from 𝜆0) was blocked in the spectrometer 

to mitigate the strong stray light reflected from the target surface. The shift of the entire 

spectra from the probe wavelength was caused by Doppler shift, which reflected the 

plasma drift velocity in the 𝑘 direction.  

The CTS spectra in Fig. 2 (a)~(d) clearly show that the spectral intensity and separation 

of the ion acoustic features vary with time and space, indicating the variation of electron 

density and temperature. CTS signal was first observed at -2 ns, at which time the CTS 

intensity was very weak and confined in a narrow region. An elongation of the CTS 

signals along Y is observed over time, which results from the expansion of the plasma in 

the lateral direction (Y). The corresponding 𝑇𝑒 and 𝑛𝑒 are shown in Fig. 3 (a) and (b), 

respectively. During the observed time (-2 < 𝑡 < 6 ns), 𝑇𝑒 distributes relatively uniform. 

The maximum 𝑇𝑒 was obtained at 0 ns, i.e., the drive pulse peak, and then 𝑇𝑒 decreased 

rapidly since the plasma cools due to radiative and expansion cooling. On the contrary, 

as can be seen in Fig. 3 (b), the density of the Gd plasma  showed a distinct peak near 

the laser axis (Y = 0). As time evolves, the 𝑛𝑒 distribution become more uniform, with 

the plasma extends in the lateral direction. A more intuitive temporal evolution of 𝑇𝑒 and 

𝑛𝑒  during the laser pulse time are shown in Fig. 4, where the 𝑇𝑒  and 𝑛𝑒  are the 

maximum values measured at each delay in Fig. 3 (a) and (b), with the normalized 
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temporal profile of the laser pulse. Fig. 4 suggests that the variation of 𝑇𝑒 during the 

drive pulse is strongly dependent on the laser intensity profile, whereas the temporal 

behavior of 𝑛𝑒 is different; The steep increase of 𝑛𝑒 between t = -2 and 0 ns was simply 

because the plasma starts to enter the observation region. Since then, 𝑛𝑒 was maintained 

at a high level of 𝑛𝑒 ~ 3 × 1019 cm-3, that barely changes with the decrease of laser 

intensity, which is probably because the target is continuously ablated even when the laser 

intensity decreases.  

In order to study the effect of spot size on the plasma, Gd LPP was generated with a 

smaller spot size of φ = 150 μm. The 𝑇𝑒, 𝑍𝑖𝑜𝑛 and 𝑛𝑒 lateral profiles in the plumes that 

developed by 150 μm and 250 μm spot and same laser energy are compared in Fig. 5 (a) 

and (b), respectively. 𝑛𝑒  decrease quickly with the distance from the target surface, 

while 𝑇𝑒 just slightly reduced. It is important to note that the lateral profiles of 𝑇𝑒, given 

in Fig. 5 (a), shows noticeable differences for different spot sizes. With a smaller spot size 

of 150 μm, the 𝑇𝑒 profile in lateral was found to be strongly peaked around the laser axis 

(Y = 0). By comparison, the 250 μm spot results in a relatively uniform lateral distribution 

of 𝑇𝑒  in LPP. Such difference in lateral profiles is also observed under similar laser 

intensities, as can be seen in Fig. 6 (a) and (b). As shown in Fig. 7, with a fixed spot size 

of 250 μm, change in laser energy does not significantly affect the 𝑇𝑒 lateral profiles in 

the plume.  
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Figure 2  TS spectra of Gd plasma, produced with 250 μm spot, laser intensity 2.4 × 1010 

W cm-2  and 150 μm above target surface, at (a) -2 ns, (b) 0 ns, (c) 2 ns, and (d) 6 ns. 
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Figure 3  The measured (a) 𝑇𝑒  and (b) 𝑛𝑒  lateral profiles, corresponding to the TS 

spectra shown in Fig. 2. Maximum error in 𝑛𝑒 corresponds to 20 % of the measured 

value. 
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Figure 4  Temporal evolution of 𝑇𝑒, 𝑛𝑒, and normalized laser intensity. Both 𝑇𝑒 and 

𝑛𝑒 are the spatial maximum values that extracted from Fig.3 (a) and (b).  
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Figure 5  Effect of spot size on spatial distribution of, 𝑇𝑒 , 𝑍𝑖𝑜𝑛  (a) and 𝑛𝑒  (b) in 

normal (Z) and lateral (Y) direction, at 0 ns. The plasma is produced at a fixed laser energy 

of 340 mJ, and the corresponding laser intensities are 1.0 × 1011 W cm-2 and 4.0 × 1010 W 

cm-2. The error in the density measurements is estimated to be 20%. 𝑍𝑖𝑜𝑛 is estimated 

using the FLYCHK code. 
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Figure 6  Effect of spot size on lateral distribution of 𝑇𝑒 under similar laser intensity, at 

(a) 4.0 and 4.5×1010 W cm-2 and (b) 2.4 and 2.7×1010 W cm-2. All data are obtained at 0 

ns, 150 μm above target surface.  
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Figure 7  Effect of laser energy on lateral distribution of 𝑇𝑒, at a fixed spot size of 250 

μm. All data are obtained at 0 ns,150 μm above target surface.  
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4.3.2 Simulation results 

Numerical simulations were made with the 2D arbitrary Lagrangian-Eulerian radiation 

hydrodynamic codes STAR  [7] using the experimental configuration (i.e., spatial and 

temporal laser profile and target scale) to calculate the measured parameters including 

𝑛𝑒 and 𝑇𝑒 in the experimental observation region in a cylindrical coordinate.  

Figures 8 (a) and (b) show the spatial distribution of 𝑇𝑒 in Gd plasma created with 150 

μm and 250 μm spot sizes at the peak of drive laser (0 ns). The equal density contours 

(dotted lines in the figure) are given in cm-3. We utilized in both cases 4 × 1010 W cm-2 

laser intensity, which is similar to the experimental comparison that shown in  Fig. 6 (a). 

Both plasmas are heated up to over 30 eV during the drive pulse, and the maximum 

temperatures of plasma plumes are both found at about 50~70 μm above the target surface, 

where 𝑛𝑒 ~ 1020 cm-3. In Fig. 9, simulation shows Nd:YAG laser with 10 ns duration and 

φ = 150 μm spot at 𝐼𝐿 = 6 × 1011 W cm-2 generates plasma with temperatures up to 100 

eV, which is the expected  optimum temperature for nano-second 1 μm laser [].  It is 

evident from Fig. 9 that 𝑇𝑒 drastically changes in space. Unlike 𝑇𝑒, 𝑛𝑒 has a layer-like 

distribution, that is, slowly changes along Y but rapidly decreases with the distance in Z.  
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Figure 8  Calculated 𝑇𝑒 profile using same laser intensity of 4 × 1010 W cm-2 with 150 

μm (a) 250 μm (b) spot. The dashed lines represent the density profiles and solid lines 

indicate the temperature area that > 30 eV.  
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Figure 9  Calculated 𝑇𝑒 profile using laser intensity of 6 × 1011 W cm-2 with 150 μm 

spot. The dashed lines represent the density profiles and solid lines indicate the 

temperature area that > 75 eV.  
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4.4 Discussion  

4.4.1 Influence of spot size on 𝑻𝒆 uniformity   

In order to achieve a sufficient power density for efficient BEUV emission (~ 1012 W 

cm-2 for ns lasers), small spot size that typically < 100 μm are typically used, as reported 

by multiple works  [4,8,9]. However, our results suggest laser spot size significantly 

affects the temperature profile and the volume of high temperature plasma.  

 It is evident from Fig. 5(a) that increasing laser intensity by shrinking the spot 

diameter on the target surface can lead to a strong spatial non-uniformity of 𝑇𝑒 in the 

plume, sharply peaks near the laser axis. On the contrary, a more uniform 𝑇𝑒 profile is 

attained with a larger spot. More evident the advantage of larger spot size can be seen in 

the comparison under similar laser intensity, as shown in Fig. 6 (a) and (b). For both cases, 

similar maximum 𝑇𝑒 were observed from the LPPs that produced by 150 μm and 250 

μm spots, despite 10 % more laser intensity was used in the smaller cases. Hence, a bigger 

spot can provide a higher maximum 𝑇𝑒 and a uniform 𝑇𝑒 profile and, consequently, a 

larger volume of high-temperature plasma, which could be attributed to the plasma 

created by a smaller spot cooling faster due to the larger expansion heat loss  [10]. 

Compared to using a smaller spot size, in Fig. 7 we show that with the bigger spot, 

increasing the laser energy can provide a homogeneous heating of the plasma.  

In order to achieve efficient BEUV emission with a single-laser system, a large focal 

spot is required. Less plasma expansion loss by laser with larger spot resulted in higher 

temperature of plasmas and a larger high-temperature plasma volume. It was also shown 

in the experiments [11] and in modeling works  [12], larger area for BEUV photons 

efficient emission created by larger spots produces much higher CEs.  
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The equipartition time for energy transfer from electrons to ions is relatively short 

compared to the ablation laser pulse duration  [13]. In the present work, for typical 𝑛𝑒 ≈

1024– 1026 𝑚−3 and 𝑇𝑒  ≈ 10– 20 𝑒𝑉, the electron-ion relaxation time is estimated to 

be < 1 ns, which is much shorter than the system temporal resolution and ablation laser 

duration. Therefore, the electron (𝑇𝑒) and ion (𝑇𝑖) temperatures can be assumed to be 

approximately the same (𝑇𝑒 ≅ 𝑇𝑖).  

 

 

4.4.2 Discussion on the simulation results   

The simulation results described in chapter 4.3.2 has been extensively validated for a 

range of laser intensity and different spot sizes, showing good agreement with the 

corresponding experimental observations. Under identical experimental conditions used 

in Fig. 5(a), a subset of the calculated 𝑇𝑒 profile in Y at Z = 150 μm has been extracted 

for comparison with the experiment data, and the results are shown in Fig. 10 (a). 

Reasonable agreement with the measured 𝑇𝑒  profile was found although the 

measurements exhibit a steeper 𝑇𝑒 peak around the spot center than was indicated in the 

calculations. It is also instructive to compare the measured 𝑇𝑒 profile in target normal 

with simulation, as summarized in Fig. 10 (b). Over a wide range of laser intensity, 

simulation results show good agreement with the measurements.  

It is noted that simulation predicts 𝑇𝑒 increase rapidly with a decrease in distance from 

target surface, as shown in Fig. 10 (b). In each case, 𝑇𝑒 reaches the maximum at about 

50–70 um above the target surface, irrespective of the changes in incident laser intensity. 

This feature is also clearly observed in Figs. 8 and 9 and found to be correct for the entire 
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calculated range of laser intensities (1 × 1010 to 6 × 1011 W cm-2). This indicates that for 

Nd:YAG laser, the energy deposition mainly takes place near the target surface, and 𝑇𝑒 

always peaked at where 𝑛𝑒  ~ 1 × 10 20 cm-3. We noticed the difference between the 

measured maximum (at 0 ns and Z = 150 μm) and the simulated maximum in each case 

is estimated to be ~ 25%.  

Figures 8 (a) and (b) show the spatial distribution of 𝑇𝑒 in Gd plasma created with 150 

μm and 250 μm spot sizes at the peak of drive laser (0 ns). We utilized in both cases 4 × 

1010 W cm-2 laser intensity. The maximum temperatures of plasma plumes developed by 

the bigger spot size slightly higher, 33 eV to 31 eV, that agrees with the experimental 

findings. Laser spot size also significantly affects the temperature range in the plasma. A 

considerable increase in high-temperature plasma volume is obtained with a 250 μm spot 

size; Almost 1.7 times increase in spot size, results in 10 times larger volume of > 30 eV.  
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Figure 10  Comparison of the calculated 𝑇𝑒  profile (solid lines) with the measured 

value (scatters), in (a) Y direction (experiment data in (a) is replotted from Fig. 6(a)) and 

(b) in target normal.  
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4.4.3 The relation between electron temperature and laser intensity   

We summarize the evolution of the measured electron temperature 𝑇𝑒  and the 

corresponding average ion charge 𝑍𝑖 as a function of laser intensity 𝐼𝐿 at the drive laser 

peak (0 ns) in Fig. 11 (a), (b), respectively. All the 𝑇𝑒 scatters represent the maximum 

𝑇𝑒 observed in each condition. By fitting the measured 𝑇𝑒 with power laws (red solid 

line), the experiment observed 𝑇𝑒 is found to increase with increasing laser intensity with 

a dependence 𝑇𝑒 ∝ (𝐼𝐿)0.37, which is in rough agreement with the theoretical prediction,  

𝑇𝑒 ∝ (𝐼𝐿𝜆𝐿
2)

0.4
, where 𝜆𝐿 is the laser wavelength in μm  [14]. By use of the relation 

between 𝑇𝑒  and 𝐼𝐿 , and the atomic code: FLYCHK, we calculated the variation of 

average charge state 𝑍𝑖 with 𝐼𝐿 at 𝑛𝑒 = 1019 cm-3 and 2.5 × 1020 cm-3, corresponding 

to the typical density condition observed in experiment and simulation, respectively, and 

both are shown in dashed lines in Fig. 11(b). Previously reported computations and 

experiments have estimated that Gd plasmas have the maximum emission when the 

electron temperature is in the range of 100–120 eV [Kilbane, Ohashi], to maximize the 

population of the corresponding isoelectronic ions, Gd17+–Gd19+ []. Extrapolation of this 

fitting indicates Gd plasmas with an electron density of 𝑛𝑒 ~ 2.5 × 1019 cm-3 could reach 

the optimum temperature of 100 eV at a laser intensity around 1.9 × 1012 W cm-2, and the 

corresponding average charge state is Gd18+ (red dashed line).  

Due to the experiment difficulties that mentioned above, direct measurement of the 

overall maximum 𝑇𝑒 within 100 μm above the target cannot easily be carried out for now. 

Instead, the quantitative agreement of 𝑇𝑒 between simulation and experiment allows us 

to use the simulation results to specify the relation between electron temperature 𝑇𝑒 and 

laser intensity, which are  presented in dotted lines in Fig. 11 (a). Under identical laser 
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intensity, simulation predicts a slightly higher 𝑇𝑒  with the larger spot, indicating its 

advantage in efficient plasma heating. The relation between laser intensity and the overall 

maximum temperature is modified to be 𝑇𝑒 ∝ (𝐼𝐿)0.44. Simulation results shows that the 

Gd plasma of 𝑛𝑒 ~ 1020 cm-3 reaches 100 eV (green dotted line in (a)) and average charge 

stage of Gd18+ (green dashed line in (b)) at a lower laser intensity of around 6 × 1011 W 

cm-3.  
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Figure 11  (a) Exponential plot of the measured and calculated 𝑇𝑒 as a function of 

laser intensity 𝐼𝐿. Measured 𝑇𝑒 (symbol) are fitted to 𝐼𝑥 power law dependency, 

shown in red solid line. All plotted 𝑇𝑒 are the maximum value of each condition. 

Dotted lines indicate the 𝑇𝑒−𝐼𝐿 relation given by the simulation. (b) The measured 𝑍𝑖 

(symbol), corresponding to each 𝑇𝑒 shown in (a). The dashed lines represent 𝑍𝑖 that 

estimated by the FLYCHK code.  
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4.5 Summary  

In conclusion, we performed direct measurements on spatial and temporal profiles of 

electron density 𝑛𝑒  and temperature 𝑇𝑒  in laser produced gadolinium (Gd) plasmas 

during the drive laser irradiation, using collective Thomson scattering method. 𝑛𝑒 and 

𝑇𝑒 are derived directly from the CTS spectra. The Gd plasmas are created with a 7-ns-

pulsed, 1064-nm-wavelength laser pulse, at laser intensities ranging from approximately 

1010 to 1011 W cm-2. The laser intensity variation was achieved in two manners: by varying 

the laser energy (89 – 350 mJ) and by changing the spot size (150 and 250 μm). We also 

utilized the radiation-hydrodynamic code STAR2D for calculating the density and 

temperature profile of Gd plasma, over a range of laser intensity 1010 to 6 × 1011 W cm-2. 

The simulation results are validated against corresponding experiments over a wide range 

of laser intensity.  

Experimental results show that shrinking the spot diameter on the target surface can 

lead to a strong spatial non-uniformity of 𝑇𝑒 in the plume, sharply peaks near the laser 

axis. On the contrary, larger spot can provide a more uniform 𝑇𝑒 profile and a higher 

maximum 𝑇𝑒 under same laser intensity, and thus, a larger volume of high 𝑇𝑒. These 

experimental findings are supported by the simulation.  

Simulation results further show that the overall 𝑇𝑒  maximum locates at 50~70 μm 

above the target, where 𝑛𝑒 ~ 1 × 1020 cm-3. The position of maximum 𝑇𝑒 and the local 

density barely changes with laser intensity. The difference between the measured 

maximum and the simulated maximum is estimated to be ~ 25%.  

The evolution of the maximum electron temperature 𝑇𝑒  and the corresponding 

average ion charge 𝑍𝑖  as a function of laser intensity 𝐼𝐿  was revealed by both 
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experiment and simulation. The experiment shows 𝑇𝑒  increases with increasing laser 

intensity with a dependence 𝑇𝑒 ∝ (𝐼𝐿)0.37, and Gd plasmas at 𝑛𝑒 ~ 2.5 × 1019 cm-3 could 

reach the optimum temperature of 100 eV and average charge state of Gd18+ at a laser 

intensity around 1.9 × 1012 W cm-2. On the other hand, simulation showed the dependence 

could be 𝑇𝑒 ∝ (𝐼𝐿)0.44, and indicates that Gd plasma of 𝑛𝑒 ~ 1 × 1020 cm-3 could reach 

the optimum condition at a lower laser intensity of around 6 × 1011 W cm-2.  

Our results firstly demonstrate the relationship between 𝑇𝑒  and 𝐼𝐿  in Gd-LPP and 

indicates that laser intensity of ~ 1012 W cm-2 could be needed to realize 𝑇𝑒 ~ 100 eV in 

Gd-LPPs, to maximize the optimum ion population of Gd17+− Gd19+. The results and 

scaling laws presented in this work provide important information for the development 

of future more powerful and energy-efficient EUV light sources.  
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Chapter 5  

Conclusion 

 

In conclusion, measurements are performed on spatial and temporal profiles of electron 

density 𝑛𝑒 , temperature 𝑇𝑒  and drift velocity 𝑣𝑑  in laser produced carbon (C) and 

gadolinium (Gd) plasmas during a 7-ns-pulsed, 1064-nm-wavelength drive laser 

irradiation, using collective Thomson scattering method. To the author’s knowledge, this 

is the first direct measurement of the basic plasma parameters in LPPs during the laser 

irradiation.    

In chapter 3, 2D evolution history electron density (𝑛𝑒), temperature (𝑇𝑒), and drift 

velocity (𝑣𝑑) in carbon LPPs, within 0 to 14 ns after the ablation peak and in a region 

very close to the target (0.13–0.6 mm) was investigated. The laser intensity was fixed at 

6 × 109 W/cm2. The measured data plotted in 2D contours clearly revealed the LPP 

dynamics at this early stage. The key findings are summarized as follows:  

1. Assuming an axial symmetry of Y = 0, the 2D velocity profiles showed that the 

early LPP expansion was nearly one-dimensional in the direction of the target normal 

during the laser pulse.  

2. In target normal, LPP drift velocity increases linearly with distance from the 

initial target surface, with a considerable initial velocity near the target surface, which 

is approximately the speed of sound.  
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3. The ratio of the energies was found to be IE/KE ~ 0.6 within the ablation laser 

duration.  

Based on these results, we consider that the 1-D planar isothermal model can better 

describe the LPP dynamics than adiabatic models, at least during laser irradiation and up 

to approximately 10 ns after the laser pulse. The Gd plasmas are created at laser intensities 

ranging from approximately 1010 to 1011 W cm-2, which is changed by  

Chapter 4 describes the first direct measurement of the spatial and temporal profiles of 

𝑛𝑒, and 𝑇𝑒 in laser produced gadolinium (Gd) plasmas, for beyond-EUV (BEUV) light 

source. The laser fluence variation was achieved in two manners: either by varying the 

pulse energy (89 – 350 mJ) or by changing the spot size (150 and 250 μm) on the target 

surface. The key findings are listed as follows:  

1. Increasing the laser intensity by shrinking the spot diameter on the target 

surface can lead to a strong spatial non-uniformity of 𝑇𝑒 in the plume, sharply peaks 

near the laser axis. On the contrary, larger spot can provide a more uniform 𝑇𝑒 profile 

and a higher maximum 𝑇𝑒 under same laser intensity, and thus, a larger volume of 

high 𝑇𝑒.  

2. The evolution of the maximum electron temperature 𝑇𝑒 and the corresponding 

average ion charge 𝑍𝑖  as a function of laser intensity 𝐼𝐿  was revealed by both 

experiment and simulation. The experiment shows 𝑇𝑒 increases with increasing laser 

intensity with a dependence 𝑇𝑒 ∝ (𝐼𝐿)
0.37, and Gd plasmas at 𝑛𝑒 ~ 2.5 × 1019 cm-3 

could reach the optimum temperature of 100 eV and average charge state of Gd18+ at a 

laser intensity around 1.9 × 1012 W cm-2. On the other hand, simulation suggests that 

the dependence could be 𝑇𝑒 ∝ (𝐼𝐿)
0.44, and indicates that Gd plasma of 𝑛𝑒 ~ 1 × 1020 
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cm-3 could reach the optimum condition at a lower laser intensity of around 6 × 1011 W 

cm-2.  

For the two studies presented in this thesis, it should be emphasis that, CTS is a very 

powerful tool, that demonstrates the unique ability in studying the properties and 

dynamics of LPPs during the laser irradiation. CTS shows the capability of mapping the 

spatial and temporal evolution of an expanding LPP electron density and temperature, 

and the capability of being applied to a variety of materials, from both low-Z (C) and 

high-Z (Gd) elements. In view of the application perspective, this technique, as mentioned 

above, can be extremely important for optimizing plasma light sources, including EUV, 

B-EUV and soft-X rays.  

,  
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Appendix 

Electron heating by the probe laser pulse 

 

 

An important issue in TS experiments is the possible perturbation of the plasma by the 

probe laser, that should be carefully managed. Hence, we quantitively evaluate the probe 

heating effect in this work. Assuming the probe energy absorbed by the electron does not 

transfer to the surroundings or other plasma species, the upper limit for the increase of 

𝑇𝑒 has commonly been evaluated as  [1–3]: 

∆𝑇𝑒

𝑇𝑒
= 5.32 × 10−13 (

𝑛𝑒𝑍𝑖

𝑇𝑒
1.5) 𝜆3 {1 − exp (−

ℎ𝑐

𝜆𝑇𝑒
)} 𝐼0Δ𝜏  

where 𝜆 is wavelength of the laser light in cm, ℎ is the Planck constant,  𝐼0 is laser 

intensity in W/cm2, Δ𝜏 is laser pulse length in seconds, and 𝑛𝑒 and 𝑇𝑒 are in m-3 and 

eV, respectively.  

It should be noted that in this work, the assumption is not fully fulfilled. More accurate 

estimates have to take into account also the following effects:  

First, as mentioned in Sec. 4, in this work 𝑇𝑒 ≅ 𝑇𝑖, because the equipartition time for 

energy transfer from electrons to ions is typically < 1 ns, very short compared to the probe 

laser pulse duration. Therefore, 1/(1 + 𝑍𝑖) of the absorbed energy can distribute to the 

ions.  
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Second, energy transfer due to thermal conductivity, because of the 𝑇𝑒
5 2⁄

 dependence, 

should be considered in the plasmas of several eVs. If any temperature gradient ∇𝑇𝑒 by 

probe heating is established in LPP, the absorbed energy can transfer to the surroundings. 

It can be considered that the absorbed probe energy will be distributed in an area 

𝜋(𝑟 + Δ𝑟)2, rather than only in the spot area 𝜋𝑟2, where 𝑟 is the probe spot radius and 

Δ𝑟  is the area that heated due to thermal conductivity κ, which can be taken from 

Spitzer  [4]: 

𝜅 =  4 × 10−10
𝑇𝑒

5 2⁄

𝑍𝑖𝑙𝑛Λ
 𝑊 𝐾−1𝑚−1 

After time 𝑡′, the heat energy expands to an area, whose radius is of the order of Δ𝑟 =

√𝜒𝑡′  [2], where 𝜒 = 𝜅/𝑛𝑒𝐶𝑝 is the thermal diffusivity.  

And third, LPP is not stationary relative to the probe laser during its pulse time. LPPs 

has a great drift velocity at this stage, as shown in Figure 6 (a). The lowest velocity 

observed was 20000 m/s in target normal, perpendicular to the probe path, which can 

make the plasma go through 80 μm in target normal within 4 ns (probe pulse width in 

FWHM). This can cause the laser energy is actually absorbed in an elongated plasma 

region.  

Take these effects into account, we calculated (∆𝑇𝑒)/𝑇𝑒′ under the plasma conditions 

that the probe heating effect is considered to be the most serious. To this end, 𝑛𝑒 and 𝑇𝑒 

of carbon LPPs, that was given in Chapter 3, at time delays of 0, 4, 9, and 14 ns, at Z = 

130 μm are used. 𝑇𝑒′ is the un-heated electron temperature, calculated by finding the 

best fit to the measured 𝑇𝑒. The laser energy is 4 mJ, same as that used in the experiment. 

Taking 𝑡′ = 4 ns, we list the evaluated (∆𝑇𝑒)/𝑇𝑒′ in Table A1.   
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Table A1: Upper limit of the probe heating effect calculated under several measured 

conditions. 

At 14 ns and 130 μm above the target, the probe heating can cause up to 19 % increase 

in 𝑇𝑒. For 0 ns and 4 ns, the increment of 𝑇𝑒 become negligible.   

Moreover, we experimentally investigate the probe heating effect, at 14 ns, 130 μm 

above the target, where the 𝑛𝑒 and 𝑇𝑒 were measured to be 7.5 eV and 1.5×1025 m-3, 

respectively, for the calculation shows most severe heating could take place under this 

condition. The probe energy is ranging from 4 mJ to 30 mJ. The experiment and the 

calculated results are shown in figure A1. A good agreement between measured and 

computed results is observed. 

We therefore conclude that, for 1.5–2×1025 m-3 and 5–10eV, that corresponding to the 

experiment results at 9 and 14 ns, the probe heating effect can cause up to 19% increase 

in 𝑇𝑒. For short delays (0 and 4 ns), this effect can safely be ignored. And for the distance 

Z > 130 μm in every condition, where 𝑛𝑒 is much lower, probe heating effect can also 

be weak. Since our discussion is mainly based on 0 ns and 4 ns results, probe heating will 

not affect the conclusion. 

 

  

Delay(ns) 𝑛𝑒 (m-3) 
Measured 

𝑇𝑒 (eV) 

Un-heated 

𝑇𝑒′ (eV) 
∆𝑇𝑒(eV) (∆𝑇𝑒)/𝑇𝑒′ 

0 3.0×1025 19 18.7 0.3 0.016 

4 3.2×1025 16.2 15.8 0.4 0.025 

9 2.0×1025 8.8 7.7 1.1 0.142 

14 1.5×1025 7.5 6.3 1.2 0.190 
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Figure A1 Measured 𝑇𝑒 variations depending on probe laser energy, at 𝑡 = 14 ns, Z = 

0.13 mm, near the symmetric axis of Y (Y = 0). The red curve represents the calculation 

results. 𝐸𝐿 = 4mJ was used in our CTS measurement (labelled by dashed lines).  
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