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feelings of wonderment and awe during the summer he spent at White Sands Missile 

Range; there, he caught his first live suborbital view of the Earth’s majestic beauty from a 

video camera in the rocket payload some 200 miles above the planet.  He also recalls, 

with some embarrassment, live video capturing the moment his instrument shed its O-

rings into space, making him USC’s first extraterrestrial litterbug.   
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At UC San Diego, Beau redirected his passion for remote observation of 

astrophysical objects toward a project that allowed him to create similar radiant plasma 

under controlled laboratory conditions using a high-energy pulsed laser.  Beau was 

fortunate enough to work with one of the world’s most eminent plasma physicists – a 

scientist who showed him the value of being accurate (and precise).  His experimental 

work in laser-produced plasma brought him face to face with the fundamental limits of 

optics, plasma spectroscopy, and occasionally, his own sanity.  He often waxes nostalgic 

about many productive, spirited conversations he had in graduate school about plasma 

physics, sometimes lasting late into the evening and spilling out onto the streets (thanks 

Frasier).  Beyond the workplace he found great pleasure in catching the occasional wave, 

although he prefers not to comment on those that toppled him, resulting in unwelcome 

mouthfuls of sand and seaweed.   

Now at the completion of his doctorate, Beau’s next move is to the 

NASA/Caltech Jet Propulsion Laboratory where he will rely on his expertise in 

astronomy and spectroscopy to develop spaceborne interferometers and spectrometers.  

The mission objective is twofold: to identify and locate, with micro-arcsecond accuracy, 

extrasolar earth-like planets orbiting main sequence stars, and spectroscopically probe the 

planetary atmospheres for key biosignatures of terrestrial life forms.  Toward meeting 

these objectives, Beau will develop advanced adaptive optics technologies to compensate 

wavefront distortion of interstellar light potentially encoded with messages from older 

civilizations.  While searching for the meaning of life in the far reaches of the Milky 

Way, he will endeavor to make a fortune in the stock market and phase into early 

retirement by his 35th birthday.       
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 Previous experimental studies of laser-matter interactions have often been 

conducted without sufficient accuracy or attention to critical laser parameters.  Moreover, 

much of the work published in the open literature lacks the essential theoretical 

underpinnings necessary to explain observations and provide predictive capability for 

future experiments. In this study, we use nanosecond-resolved spectroscopic techniques 

to investigate fundamental physics in laser-produced tin plasma, and overcome these 

shortcomings by implementing several metrological innovations to ensure the accuracy of 

experimental data.  Furthermore, we present a side-by-side comparison of experimental 
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results with computational modeling to advance our understanding of the many nonlinear, 

interrelated processes that occur within transient tin plasma.   

 This dissertation is divided into three primary sections.  In the first section, we 

study the physics governing the generation and early-time evolution of tin plasma in the 

low-irradiance regime: LI ~ 4 × 1011 – 1 × 1012 W/cm2.   A two-channel XUV photodiode 

spectrometer has been developed to measure tin plasma temperature, as well as diagnose 

radiation transport processes during the laser irradiation phase.  During laser heating, the 

radiation spectrum from semi-infinite tin targets was found to approach the blackbody 

limit in the 10 – 80 nm spectral range.  Through one-dimensional numerical modeling, 

this is shown to be due to the penetration of a radiative diffusion wave beyond the critical 

depth.  Analysis of the time-dependent tin emission spectrum has shown that nearly 30% 

of the incident laser energy is converted to energetic photons in the spectral range of 15 < 

hν  < 120 eV.  The equilibrium radiation temperature, characteristic of the optically thick 

ablation front, has shown reasonable agreement with numerical predictions despite the 

model’s limited dimensionality.   

The second part of this work examines the late-time hydrodynamics associated 

with the radiative plasma phase studied in the preceding section.  Nanosecond-gated 

optical emission spectroscopy is employed to diagnose electron temperature, electron 

density, and propagation velocity of the ablation plume.  In contrast to the large change in 

radiation temperature observed for a factor of three increase in laser intensity, it is found 

that the post-pulse plume hydrodynamics is not significantly affected for the same 

variation in irradiation conditions.  At late times, the ion kinetic energy is found to 

exceed electron thermal energy by more than 100 times, which serves as a lower bound 
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on the ratio to the ion thermal counterpart.  The expanding laser-produced tin plasma is 

well described by a cylindrical hydrodynamic transport model; a comparison between 

time-integrated experimental and numerical plasma energy density has shown 

convergence to within a factor of two.  At distances > 3 mm from the target, it was found 

that the heavy ion tin plasma transitions from Boltzmann to coronal equilibrium, 

rendering LTE assumptions in the spectral deconvolution procedure invalid.  

In the final section of this study, we investigate the radiative properties of tin 

ablation plasma as the laser irradiance is varied by more than an order of magnitude.  The 

effect of increased focused laser energy is manifested in a weak scaling of radiation 

temperature, and a significant broadening of the emission lifetime at the highest laser 

intensities.  It is found that the resulting radiation conversion efficiency is not a strong 

function of laser intensity within the parameter regime of this work.  It is shown that 

agreement between experimental and simulated plasma conditions becomes progressively 

worse in the high-irradiance regime as the ionization and radiative transfer models play 

increasingly dominant roles in the plasma energetics.   
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Chapter 1 

Introduction 

 When high-power lasers are focused onto solid matter, high-energy density 

plasmas exhibiting extreme variations in thermodynamic conditions are formed.  The 

processes of laser-induced target heating, vapor generation and ionization, radiative 

emission, and finally hydrodynamic expansion of the hot plasma are all highly transient 

phenomena that occur on disparate temporal and spatial scales.  Laser-produced plasma is 

a rich, burgeoning field with substantial application to inertial confinement fusion (ICF)  

[1], x-ray lasers  [2], x-ray lithography and radiography  [3 – 6], stellar astrophysics  [7, 

8], and pulsed laser deposition [9].  However, despite more than four decades of intense 

research in the field of laser-produced plasma (LPP), the tightly coupled nonlinear 

mechanisms of laser light absorption, as well as heat, particle, and radiation transport in 

the evolving plasma have not been completely understood.   

Figure 1.1 illustrates the complexity of typical laser-induced high-Z plasma 

generated with a nanosecond laser pulse (incident from right) in the 1011 W/cm2 – 1014 

W/cm2 intensity regime.  On a timescale much shorter than the laser pulse duration, Lτ , a 

hot, tenuous coronal plasma is formed above the solid target surface.  Laser light
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penetrates up to the critical density, critn  where it is efficiently absorbed by the electron 

population through collisional inverse bremsstrahlung.  The energy deposited into the  

electrons is reradiated as electron-ion bremsstrahlung or K-, L-, M-, N-, and O-shell 

emission (depending upon atomic composition), and thermally conducted beyond the 

critical surface into the dense, cooler target regions where soft x-rays are produced and 

radiation diffusion dominates.  In high-Z plasma, a radiation ablation front1 may outpace 

the electron ablation front, which can heat overdense regions.  The increased internal 

energy gets converted to kinetic energy through expansion and ultimately results in a 

higher mass ablation rate.  Depending upon the incident laser intensity, hotter more 

energetic electrons can be generated in the critical surface domain.  Since the electron 

mean free path for Coulomb scattering has a squared temperature dependence ( 2
e eTλ ∝ ), 

these fast electrons penetrate significantly deeper than the bulk thermal component, 

resulting in dense target preheating.  After equilibrium is reached (  100 picoseconds) a 

self-regulating regime is established in which continued laser irradiation convects new 

material plasma from the electron ablation front.  The plasma temperature peaks near the 

critical surface whose large outward heat flux approximately sustains isothermal 

conditions throughout the rapidly expanding corona.  The density increases in the 

direction of the undisturbed solid target.  The flow of material away from the ablation 

surface drives a shock wave into the target resulting in compressed overdense matter. 

Competition among electron, radiation, and hydrodynamic transport processes and the 

                                                 
1 The electron ablation front is defined as the layer on the target surface from which new plasma is created.  
In parameter space it corresponds to the zero velocity surface.  The radiation ablation front is inside the 
electron ablation front offset toward overdense matter (see Figure 1.1), and is created by deep penetrating 
soft x-rays that heat and ionize cold matter.     
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overall energy balance is critically dependent upon the plasma temperature, gradient scale 

lengths, and ionization state.  Moreover, the degree of coupling between these parameters 

is determined by specific laser irradiation conditions such as intensity, focal spot size, 

and wavelength, as well as the target material and ambient gas pressure.     

 1.1 Scientific Motivation for Continued Study of LPP  

One of the most salient features of a LPP is its spectrum of radiation, ranging 

from the kilovolt hard x-ray regime to the infrared.  Diagnosis of a plasma’s 

electromagnetic spectrum through spectroscopic techniques is a powerful, noninvasive 

means of determining plasma properties such as electron and radiation temperature, 

constituent particle densities, ionization state, and expansion velocity.  Measurement and 

analysis of spectra, however, must be carried out with great care as poorly guided 

assumptions can jeopardize the interpretation and hence meaning of experimental data.      

Previous investigations of moderate intensity ( LI  ≤ 1013 W/cm2) mid to high-Z 

laser-produced plasmas have not adequately explained the fundamental physical 

processes driving their generation and hydrodynamic evolution.  Since the emission of 

primary x-rays from the corona of a high-Z plasma can significantly influence the 

ablation behavior and hence late-time expansion dynamics, extrapolation of existing low-

Z plume data is not sufficient.  Optical emission spectroscopy, which exploits few 

electron volt spectral line transitions, is typically used to study the macroscopic plume 

hydrodynamics.  Until recently, visible spectroscopic diagnosis of high-Z plasma has not 

been possible due to a lack of reliable atomic physics data necessary for the analysis of 

bound-bound spectra. Therefore, plume characterization has been restricted to less 
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sensitive diagnostics such as Faraday cups and Langmuir probes whose limited time 

resolution was insufficient in monitoring rapid fluctuations in temperature and density.   

Today, 1 µm wavelength Joule-class lasers operating in the nanosecond regime 

(capable of generating peak target intensities ~ 1013 W/cm2) are quite common, but far 

from state of the art, and therefore have fallen out of the focus of advanced LPP research.  

A survey of the literature reveals copious amounts of low-Z plume spectroscopy data in 

this regime, but very few careful experimental and theoretical treatments of the 

underlying physics.  Worse yet, many of the experiments have been conducted without 

sufficient accuracy or attention to critical laser parameters such as the focal irradiation 

distribution, and therefore elicit little confidence in the conclusions drawn.  Analytical 

models of plasma radiation-hydrodynamics are quite often incomplete and only 

applicable in rare ideal situations [11 – 14].  The derived scaling laws for ablation rate, 

electron temperature, and flow velocity based on an absorbed laser intensity fall short of 

a complete numerical simulation and often have a very limited range of validity.  In the 

cases where numerical modeling results are presented alongside experimental data the 

physics is inconclusive due to inadequate diagnosis of the incident laser irradiance, or 

undocumented uncertainties in target alignment as well as spectrograph and imaging 

optics resolution. 

Soft x-ray measurements of LPP spectra probe regions of higher density and 

temperature, providing insight into the extreme conditions created during laser heating.  

Relatively little attention has been given to the soft x-ray and extreme ultraviolet (XUV) 

emission generated in moderate intensity, laser-solid interactions.  In general, 

measurements of high-Z spectra have been limited to short pulse (  1 ns) high-intensity 
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( LI  ≥ 1013 W/cm2) sub-micron laser-matter interactions, which primarily focused on ICF 

and related applications [15 – 18].  Likewise, experiments conducted at ~ 1 µm lie in the 

high-irradiance regime with incident laser energies ranging from 10 to several hundred 

Joules [19 – 21].  This is in no small way related to the advent of the picosecond laser.  

Armed with this new device, experimentalists could study high-energy density physics at 

much higher laser irradiance than previously, and inadvertently left the nanosecond-

pulse-produced LI   1013 W/cm2 domain relatively unexplored.  While extreme ultraviolet 

lithography (EUVL) researchers have recently expressed interest in tin’s unresolved 

transition array (UTA) near 13.5 nm (target laser intensity LI  ~ 5 × 1011 W/cm2 , Lτ  ~ 10 

ns), the out-of-band radiation, characteristic of the peak plasma temperature has not been 

fully investigated.  In fact, the trends in radiation transport physics for nanosecond high-Z 

plasma in the hν  << 1 keV region of the spectrum have not been sufficiently 

characterized experimentally or theoretically. Without accurate measurements of the 

radiative losses during the laser-plasma heating phase, quantitative information regarding 

the energy partition in these moderate irradiance plasmas has not been readily available.   

1.2 Objectives of the Present Work  

In this dissertation we address the aforementioned shortcomings by combining 

careful time-resolved spectroscopic techniques with rigorous modeling in an effort to 

elucidate the underlying physics of particle, radiation, and overall energy transport in 

nanosecond laser-produced tin plasma.  We present experimental data alongside 

numerical simulations characterizing the radiation-hydrodynamics of tin plasma in the 
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intensity range of 3.8 ± 0.5 × 1011 W/cm2 to 1.4 ± 0.1 × 1013 W/cm2.  With a unique set of 

laser parameters (λ  = 1.064 µm, 3 ns < Lτ  ≤ 9 ns) and choice of planar tin slab targets, 

we have identified an interesting and yet largely unexplored regime in parameter space.  

Toward accomplishing our goals, we have constructed a two-channel XUV photodiode 

spectrometer to measure plasma radiation in the 10 – 80 nm range, and ultimately provide 

temporally resolved profiles of radiation temperature during plasma formation.  Gated 

optical emission spectroscopy is employed to monitor discrete spectral line radiation for 

diagnosis of the electron temperature and density during the adiabatic phase of plume 

evolution.  High-speed, intensified photographs provide information about the plume 

geometry, expansion dynamics, and overall hydrodynamic behavior.  Computational 

modeling is carried out using a one-dimensional, three-geometry, three-temperature 

radiation-hydrodynamics fluid code.  Specifically, the work reported here addresses the 

following outstanding issues in high-Z LPP research 
• What characteristic spectrum of radiation is emitted during the laser irradiation 

phase of thick tin targets? 

• What are the mechanisms by which this emission is created and transported 

throughout the plasma? 

• How does the XUV conversion efficiency and peak plasma temperature scale 

with incident laser intensity? 

• How is the hot plasma lifetime influenced by laser irradiance, and what 

implications does this have for early-time radiation transport? 
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• What are the geometric attributes of small focal spot, long laser pulse tin plume 

hydrodynamics?  

• How do temperature and density evolve in space and time within a rapidly 

expanding tin plume? 

• What are the relative fractions of plasma thermal, kinetic, and radiative energy as 

a function of time?   

• What is the range of validity of the Boltzmann equilibrium assumption for heavy 

tin ion plasma spectroscopy? 

To date, the results reported here represent the first simultaneous experimental 

and numerical examination of laser-induced tin plasma in the noted parameter range.  

Nanosecond XUV spectroscopy provides the time history of tin plasma temperature 

during laser irradiation, allowing for the first time a quantitative account of the radiative 

losses from the ablation zone.  A parametric study of the continuum emission from tin 

plasma across more than a decade of laser intensity provides an exclusive data set from 

which interesting conclusions may be drawn regarding the time-dependent radiative 

properties of hot dense matter.  A full treatment of the plume hydrodynamics is given at 

two laser intensities by overlaying visible spectroscopy data with detailed computational 

modeling.     

1.3 Dissertation Organization 

This dissertation is organized as follows.  Chapter 2 discusses relevant work that 

has been carried out in the past, and therefore establishes the framework of the present 

experimental and theoretical approach.  The experimental set-up, detailing the 
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spectroscopic and intensified CCD techniques employed to diagnose plasma state 

variables is presented in chapter 3.  Information regarding target and spectrograph 

alignment, as well as focal spot imaging is given in abbreviated form, with a full 

description provided in the appendices.  In chapter 4 we discuss the radiation-

hydrodynamics simulation code from which numerical results are obtained.  The 

fundamental physics modules are briefly described with an emphasis on their 

deficiencies.  Chapters 5, 6 and 7 present the salient results of this body of work.  In 

chapter 5, XUV studies of tin plasma at two laser intensities are discussed.  Time-

resolved measurements of the early-time radiation temperature are provided alongside 

theory and numerical predictions. Optical emission studies of the late-time, 

hydrodynamic properties of tin plasma at corresponding laser intensities are presented in 

chapter 6.  Measurements of the excitation temperature, electron density, expansion 

velocity, and energy density are compared with numerical simulations.  Computational 

modeling is utilized to understand the partitioning of plasma thermal, kinetic, and 

radiative energy as well as the mechanisms of their exchange.  In chapter 7 we discuss 

experimental results of the parametric study of conversion efficiency, radiation 

temperature, and radiative lifetime of tin plasma as a function of laser irradiance.  

Modeling results are used to interpret the trends observed in experimental data.  Finally, 

in chapter 8 we summarize the principal results of the dissertation and explore potential 

avenues of future research.   
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Chapter 2 

Review of Previous Experiments 

Previous spectroscopic investigations of LPP reported in the literature have often 

been lacking, particularly in the parameter regime of the present work.  However, since 

much of work has implications for and has influenced the direction of this research, we 

summarize the most relevant findings here.  Specifically, we focus on soft x-ray and 

optical emission spectroscopy as these are the primary diagnostics used in this work.  

 2.1 The Soft X-Ray Spectrum   

Since the energy contained in soft x-rays and extreme ultraviolet (XUV) radiation 

can be a significant fraction of the incident laser energy, a spectroscopic measurement of 

the sub-kilovolt radiative losses during laser heating is important for understanding the 

energy balance.  Moreover, the primary x-rays generated in the coronal plasma 

radiatively heat the ablation zone, ultimately influencing the entire evolution of the 

plasma. 

The simplest and most widely accepted technique for dispersing the soft x-ray 

spectrum was pioneered by Jahoda, et al. [22].  Jahoda, et al. studied the time-dependent
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continuum spectrum of x-rays emitted from magnetically compressed deuterium 

discharge plasma using a thin foil filtered scintillator and photomultiplier tube.  The 

technique is predicated on a few fundamental principles.  For hot plasmas with 

temperatures exceeding about 100 eV, the continuum emission extends into the soft x-ray 

region [23]. Electron-ion bremsstrahlung and recombination radiation have an 

exponential dependence upon plasma temperature short of the spectrum peak [24].  

Exploiting the absorption edges and well-known wavelength dependent mass absorption 

coefficients of thin metal foils allows one to restrict detector radiation levels to narrow 

spectral ranges.  Therefore, filtered relative intensity measurements of the free-free and 

free-bound soft x-ray continua serve as rather sensitive indicators of the electron 

temperature.  The largest source of error arises from the penetration of line radiation 

through the foils, but can usually be avoided with the proper choice of material and 

thickness.  Jahoda’s measurement of the x-ray transmission at varying thicknesses of 

carbon, beryillium, aluminum, and nickel foil provided a low-resolution soft x-ray 

radiation spectrum.  They found that x-ray emission occurs at peak magnetic field 

compression, and is characterized by a maximum photon energy of about 1 keV. The 

electron temperature was determined by simultaneously plotting the calculated and 

experimentally measured relative x-ray intensity as a function of absorber cutoff energy.  

The plot of the transmission for all four materials displayed curvature on a semi-log 

scale, indicating that the plasma was not in complete local thermodynamic equilibrium 

(LTE).  This behavior, coupled with the scatter in data from four different materials 

increases the uncertainty in the measurements.  The deuterium plasma temperature which 

showed the best agreement between experiment and theoretical calculations of the relative 
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spectral distribution was found to be 240 ± 40 eV.   

Donaldson, et al. [25] performed seminal work in their implementation of 

Jahoda’s spectroscopic technique in a LPP experiment.  Plasma was generated by 

focusing 10 ns FWHM neodymium glass laser pulses onto planar solid targets of Lucite 

whose chemical composition is C5O2H8.  The ~ 100 µm focal spot size was determined 

by a duplicate lens microscope objective projection onto an infrared phosphor which is 

subsequently photographed with an f/1.2 camera.  Laser energy was varied up to 20 J 

which produces a peak irradiance of 2 × 1013 W/cm2 at the focal plane.  To measure the x-

ray radiation, two scintillation detectors were positioned symmetrically about the target 

such that the volume of plasma observed by each channel is approximately the same.  

Each scintillator was filtered with a combination of aluminum and mylar absorbers to 

enhance the spectral discrimination and minimize the penetration of line radiation.  

Aluminum/mylar foils in thicknesses of 13.2 µm/5.7 µm and 6.6 µm/27.4 µm are used on 

channels 1 and 2, respectively.  The pass band of channel 1 is bound on the short 

wavelength side by the aluminum K-edge at ~ 1.6 keV and opaque to radiation longward 

of the L-edge, rendering it ideal for diagnosing electron temperatures < 300 eV.  

Predominantly mylar, channel 2 is transparent to shorter wavelength radiation and more 

sensitive to plasma temperatures in the keV region.  Owing to these distinct transmission 

bands, the theoretical ratio of transmitted x-ray intensity exhibits strong temperature 

dependence as shown in Figure 2.1.  A relative calibration of the two detectors was 

carried out by mounting identical absorbing filters on each scintillator and recording the 

signal ratio from a single laser-plasma event.  At a laser irradiance of 2 × 1013 W/cm2, an 
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Figure 2.1: Computed ratio of continuum x-ray intensities transmitted through channels 1 
and 2 plotted as a function of electron temperature.  The dotted lines represent a ± 5% 
uncertainty in absorber foil thickness.  (From ref. [25].)  
 



  14  

 

electron temperature of 450 ± 45 eV was found through comparison of the experimental 

intensity ratio to that shown in Figure 2.1.  Their electron temperature measurements 

made from 1 × 1011 W/cm2 to 2 × 1013 W/cm2 showed a power law dependence on laser 

irradiance of the form 0.40 0.05
e LT I ±∝ .     

The theoretical calculations of the soft x-ray continuum intensity carried out by 

Donaldson, et al. follow a method suggested by Mandel’shtam, et al. [26].  

Bremsstrahlung emissivity from a thermal plasma takes the form 

2
-3 -1 -1 -1

2

1( ) exp (J cm sec sr cm )e i
e

B eB e

CZ n n g hcT
k Tk Tλε λ λ

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
                                             (1) 

where C  is a constant; Z , the charge state; en  and in , the electron and ion densities, 

respectively; g , the gaunt factor (of order unity); Bk , Boltzmann’s constant; eT , the 

electron temperature; λ , the wavelength; h , Planck’s constant; and c , the speed of light.  

The primary assumption in the calculation is that the majority of the laser energy is 

absorbed in the hottest, most ionized region of the plasma, making it the dominant source 

of soft x-rays.  The mean free path of a laser photon of frequency ν  in plasma of 

temperature eT  is the inverse bremsstrahlung absorption length absl  [27]  

1
2 6

1
2 3/ 2 2 2

16π ln ( ) 1( ) (cm)
3 (2π ) 1 /

e i
abs e IB

e B e p

Z n n el T
c m k T

νκ
ν ν ν

−

−
⎛ ⎞Λ⎜ ⎟= =
⎜ ⎟−⎝ ⎠

                                             (2) 

where IBκ  is the inverse bremsstrahlung absorption coefficient; e , the electron charge; 

ln ( )νΛ , the Coulomb logarithm; em , the electron mass; and pν , the plasma frequency.  

From Eqn. 2 we see that inverse bremsstrahlung absorption is strongly peaked just below 
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the critical density, which creates a localized region of soft x-ray emission.  Donaldson, 

et al. proposed that the radiating volume is given approximately by the product of ( )abs el T  

and the optically measured focal spot size, fD .  Since the 2
e iZ n n dependencies cancel in 

the product of Eqns. 1 and 2, the continuum power in a wavelength interval dλ  can be 

expressed as ( ) ( )e abs e fT l T D d dλε λΩ  when constant temperature is assumed throughout 

the absorption zone.  This remarkable observation posits that the radiation from the 

absorption layer scales with the temperature alone, and is independent of the electron 

density.  In principle it is possible to integrate the entire expression over wavelength to 

obtain the total continuum power as function of electron temperature.  Comparing this 

with a suitably calibrated experimental measurement of integrated continuum radiation 

would yield the electron temperature without knowledge of the electron density.  As 

shown in chapter 5, we implement a modified integrated emission technique to determine 

the plasma radiation temperature from XUV emission lying in the 10 – 80 nm window.  

 Eidmann, et al. [28] studied the laser-produced x-ray emission from various 

targets with atomic numbers ranging from 4 to 82.  Plasma was generated by a frequency-

doubled Nd:YAG laser with an energy and pulse width of 7 Joules and 3 ns, respectively.  

The laser was focused onto planar targets to a focal spot size of 100 µm providing an 

overall laser irradiance of 3 × 1013 W/cm2.  An absolutely calibrated transmission grating 

spectrometer was used to disperse the soft x-ray spectra between 1 and 25 nm.  Spectrally 

dispersive instruments such as this and grazing incidence spectrometers have 

significantly higher resolution than foil-filtered vacuum photodiodes, and are therefore 

more suitable for studying subtle spectral features.  The spectra were recorded on Kodak 
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101-01 film, which was calibrated with a bolometer of known sensitivity.  First order 

spectra measured from several targets are shown in Figure 2.2.  The conversion 

efficiencies are determined through integration of the spectra across the measured range, 

and using the experimentally measured angular dependence of emission.  The conversion 

efficiency increases from ~ 2% for Be to ~ 50% for Au.  For low-Z materials such as 

beryllium and carbon, plasma ions may be ionized and excited down to the n = 1 

principal quantum level, resulting in the observed K-shell emission depicted in Figure 

2.2.  For increasing Z at fixed laser-matter interaction conditions, the atomic 

configuration becomes optimal for generating longer wavelength, less energetic 

resonance line emission from the L-, M-, N-, and O-shells.  Aside from the M-shell 

emission at λ  ~ 1.4 nm, tin plasma appears to be dominated by continuum radiation 

longward of ~ 8 nm.   

The work carried out by Gupta, et al. [29] is one of the few moderate intensity ( LI  

≤ 1013 W/cm2) experimental studies of laser-induced soft x-ray emission.  Plasma was 

produced by focusing 2 ns pulses from a 268 nm KrF laser onto 15 µm thick gold foils.  

Using an equivalent focal plane image relay system, the focal spot size defined as the 

50% irradiance contour was determined to be ~ 70 µm.  The laser intensity was varied 

between 5 × 1011 – 1 × 1013 W/cm2 by fixing the spot size and scanning the laser energy 

up tp 1 J.  The primary x-ray diagnostics used are 4 scintillator-photomultiplier detectors 

and a silicon PIN x-ray photodiode.  Selective transmission of keV soft x-rays is achieved 

through the use of aluminum and beryllium filters of varying thickness.  Foil thickness is 

carefully chosen to eliminate line emission from the M- and N-shell gold transitions, 

thereby restricting the measurements to the free-free continuum.  The coronal electron   
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Figure 2.2: Absolutely calibrated soft x-ray spectra obtained from irradiating 10 targets 
with an Nd:YAG laser at LI = 3 × 1013 W/cm2.  (From ref. [28].) 
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temperature is estimated by fitting the scintillator-photomultiplier signal intensities to the 

anticipated bremsstrahlung spectral form shown in Eqn. 1.  At LI = 1.1 × 1012 and 1 × 

1013 W/cm2, the temperatures measured in the optically thin ionized gold plasma were 

determined to be 105 ± 20 eV and 225 ± 50 eV, respectively.    

To confirm their soft x-ray results, Gupta, et al. estimated the electron temperature 

through Faraday cup measurements of the ion blow-off velocity.  At LI  = 1013 W/cm2 

they measured a bimodal ion distribution peaked at 4.3 and 24 keV.  Applying a plasma 

expansion model proposed by Bykovski, et al. [30] they differentiated two temperature 

components: ~ 75 and ~ 245 eV corresponding to the lower and higher ion energies.  The 

good agreement between the more energetic ion component and its associated 

temperature deduced from soft x-ray measurements led them to believe that the lower 

temperature component of ~ 75 eV represents the sub-keV radiation temperature.  Indeed, 

Nishimura et al. [31] reported radiation temperatures in gold plasma to lie between 75 

and 95 eV for 0.35 µm laser irradiation in the intensity range of 1012 – 1013 W/cm2.  

Through foil absorption spectroscopy [32], Nishimura, et al. measured the ultra-soft (80 

eV < hν  < 1000 eV) x-ray emission and found that it approaches an optically thick 

blackbody spectrum.  From their experimental ion and soft x-ray data, along with 

Nishimura’s work, Gupta et al. concluded that there are two distinct regions within high-

Z plasma: an optically thin corona and an optically thick conduction zone.  The sub-

critical coronal plasma, in which laser light absorption occurs, is the hottest region and 

therefore the source of the hardest electromagnetic radiation.  The corona, or conversion 

layer as it is often called, is optically thin to its own emission and radiates primary x-rays 
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toward both vacuum and the undisturbed target.  Some of the absorbed energy is also 

transported down the temperature gradient toward the supercritical target region via 

electron heat conduction.  The region lying between the critical surface and the ablation 

front is characterized by higher density and cooler temperature such that the radiation 

mean free path is on the order of the plasma scale length.  For these optically thick 

conditions, matter and radiation are in equilibrium, and the emission spectrum is 

Planckian, typically peaked in the XUV regime.  As this region reemits a fraction of the 

incident radiation from the conversion layer, it has been termed the reemission zone.       

2.2 The Visible Spectrum 

Optical emission spectroscopy is one of the most reliable means of diagnosing the 

late-time plume hydrodynamic properties.  After the laser switches off, the continuum 

decays to a level where the dominant contribution to the emission spectrum arises from 

bound-bound transitions.  Space and time-resolved measurements of spectral line 

radiation provide details of the temperature, density, and velocity evolution within the 

expanding plasma. 

 Narayanan, et al. [33] used optical emission spectroscopy to investigate the 

temperature and density of a laser-produced silicon plume in vacuum (< 10-5 Torr), 1, and 

10 Torr of ambient helium.  Plasma was created by ablating a high-purity silicon wafer 

with a 5 ns Q-switched Nd:YAG laser operating at 355 nm.  The laser beam was focused 

to a 250 µm focal spot size and the intensity held constant at 2.5 × 109 W/cm2.  Plasma 

emission was imaged onto the slit of a monochromator and subsequently recorded with a 

nanosecond-gated intensified CCD camera.  Their spatially-resolved studies showed that 
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continuum radiation dominates the emission spectrum for distances < 2 mm from the 

target, while neutral and singly ionized transitions are the primary contributions at greater 

distances.  The presence of helium ambient at 1 and 10 Torr increases the collisionality in 

the expanding plume, resulting in the excitation of many more Si lines in the 300 – 650 

nm window compared to the vacuum case.  Assuming Boltzmann distributed population 

levels of a particular ionization state, Narayanan, et al. estimated the electron temperature 

from the relative line intensities obtained through spectroscopy.  The maximum spatially-

resolved temperature at 1 Torr was found to be nearly 2 eV at 2 mm from the target, and 

then exhibit a linear decay with distance.  The electron density was obtained by 

measuring the Si II Stark-broadened spectral line profiles and correcting for the small 

contribution from instrumental broadening.  At 1 Torr, a peak density of 1.2 × 1018 cm-3 

was observed 2 mm from the target, with less than a factor of 2 reduction at distances up 

to 10 mm.   

 Gomes, et al. [34] studied the expansion of Nd:YAG laser-induced aluminum and 

copper ablation plumes into various ambient gases through a spectroscopic diagnosis of 

the emission from iron impurities.  Plasma was produced by focusing 8 ns FWHM first 

harmonic laser light to a spot size of ~ 1.25 mm onto planar semi-infinite aluminum and 

copper targets.  Uniformly distributed iron impurities at the 1.6% and 2% level were 

present in the aluminum and copper targets, respectively.  Maximum energy on target 

was limited to 100 mJ which set the peak laser irradiance to 1 × 109 W/cm2.  The plasma 

emission was observed orthogonally to the expansion direction, and was imaged onto the 

entrance slit of a monochromator using a single collection lens and an optical fiber.  The 

1.5 m monochromator was equipped with a 2400 groove/mm reflection grating and an 
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intensified array of 1024 photodiodes at the image plane.  Time-resolved spectra were 

obtained using a laser pulse triggered electronic acquisition system with a constant gate 

width (exposure time) of 50 ns.  Temperature was determined using the Boltzmann 

diagram technique in which Fe I spectral line intensities are assumed to represent the 

changing thermodynamic state of the plasma in LTE.  Figure 2.3 shows the temporal 

evolution of the copper plasma electron temperature in 75 Torr of air and argon.  The 

lifetime of the copper plasma was found to be longer in argon ambient than in air because 

of the higher peak temperature obtained in Ar, leading to an extended cooling time.  

Initially, the expansion of the copper plasma is not influenced by the ambient gas because 

of its enormous ablation pressure.  After a few tens of nanoseconds, mutual diffusion of 

the metal vapor and ambient gas occurs whereby the rapidly expanding ionized copper 

ions begin to interact with the neutral gas.  The difference in observed temperature 

between the air and argon cases can be explained by considering the properties of the 

gases.  Being a molecular gas, air must first be dissociated before heating and ionization 

occur, while monatomic argon atoms undergo direct ionization through collisions with 

the propagating plasma.  Therefore, there is more free energy available to heat the 

copper-argon plasma mixture, resulting in a higher electron temperature.  The variation of 

temperature with distance for the two gases is typical for an adiabatic flow; the 

temperature decreases at 0.5 mm from the target surface because of the hydrodynamic 

expansion.  Figure 2.4 shows the temporal variation of aluminum and copper plasma 

temperature in one atmosphere of argon ambient.  The difference in the temperature 

profiles between the two metals is striking given that the experiments were performed 

under the same irradiation conditions.  Gomes, et al. attributed the higher copper 



  22  

 

 

 

 

 

 

 

Figure 2.3: Excitation temperature of copper plasma in 75 Torr of air and argon ambient 
at two distances along expansion axis, z  = 0 and z  = 0.5 mm.  (From ref. [34].) 
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Figure 2.4: Temporal variation of aluminum and copper plasma electron temperature in 
one atmosphere of argon.  (From ref. [34].)    
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temperature to the difference in the heat of fusion between the two materials.  Since 

aluminum has a lower heat of fusion than copper, the laser ablates more matter and thus 

distributes the absorbed energy over a greater number of particles, effectively reducing 

the temperature.  Their conclusion was verified by a similar experiment [35] that 

quantitatively showed that laser irradiation of aluminum generates a larger amount of 

vaporized material than copper under the same experimental conditions.   

 Ying, et al. [36] characterized the emission spectrum from an SnO2:Sb transparent 

conducting thin film in air at 10-2 Torr.  A Q-switched Nd:YAG laser operating at 0.532 

µm with 10 ns duration pulses was focused to an irradiance of 3.7 × 109 W/cm2.  The 

emission spectrum was measured by imaging the laser-plasma onto the entrance slit of a 

30 cm triple grating Czerny-Turner spectrometer equipped with an intensified CCD 

camera.  Time-integrated (spatially-resolved) plasma spectra were obtained by optically 

sampling the plasma along its expansion axis.  From spectroscopic measurements, Ying, 

et al. mapped the spatial distribution of neutral and singly ionized tin line intensities 

along with the underlying continuum (322 < λ  < 325 nm) as shown in Figure 2.5.  The 

continuum intensity peaks near 0.5 mm from the target due to the strong electron-ion 

bremsstrahlung radiation from the coronal plasma.  The emergence of Sn I and Sn II 

spectral lines from the decaying continuum represents a transition from hot plasma 

manifested by free-free transitions to cooler plasma exhibiting bound-bound transitions in 

upper level excited states of the ions.  The relative difference in integral intensity for the 

majority of lines shown can be explained by considering the ionization threshold that 

must be overcome before excitation occurs.  Using relative intensities from 5 tin spectral 

lines the electron temperature was deduced by assuming LTE plasma conditions.  This 
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method is more accurate than using the standard two line intensity ratio since it accounts 

for radiation across a broader spectral region and considers the upper level populations of 

several atomic states.  The electron density was determined from the Stark-broadened Sn 

I and Sn II Lorentzian line profiles.  Shown in Figure 2.6 is the spatial variation of 

electron temperature and density of the tin component in the SnO2:Sb plasma.  The 

maximum electron temperature is 0.94 eV at 0.5 mm from the target and then decays to 

0.90 eV at a distance of 2.5 mm.  Without error bars on the data points, coupled with the 

notorious uncertainty in atomic transition probabilities used to compute the excitation 

temperature, the temperature may be regarded as constant up to 2.5 mm.  They speculated 

that the weak temperature dependence on distance is due to recombination reactions that 

compensate the expansive cooling by returning a fraction of the ionization energy to the 

plasma.  The electron density, also plotted in Fig 2.6, was calculated from the FWHM 

widths of both neutral and singly ionized tin spectral lines.  Although there is some 

scatter among these data points, the trend in density obtained from multiple lines and 

ionization states is similar and consistent with rapidly expanding plasma.  At 0.5 mm 

from the target surface, the electron density peaks at 3.4 × 1017 cm-3 and decays by nearly 

a factor of 2.5 at 2.5 mm from the target surface.  Reliable measurements beyond this 

distance could not be carried out because of limited spectrograph resolution.   
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Figure 2.5: Dependence of tin spectral line and continuum emission intensity on distance 
from the target surface.  (From ref. [36].)  
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Figure 2.6: Spatial distribution of electron temperature (right-hand ordinate) and density 
(left-hand ordinate) in air at 10-2 Torr.  (From ref. [36].)  
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Chapter 3 

Experimental Set-up, Diagnostic 

Descriptions, and Spectroscopic 

Techniques 

 As discussed at the outset, previous experimental studies of laser-plasma have 

often been conducted without attention toward critical issues such as target alignment and 

focal spot diagnosis.  Achieving the proposed scientific objectives outlined in chapter 1, 

i.e., the quantitative comparison of experiment to theory, imposes strong demands upon 

laboratory measurements.  The acquired data must be complete and sufficiently accurate 

so that meaningful comparisons and validation may be made with numerical models.  In 

this chapter we discuss the diagnostic and metrological techniques used to carry out the 

time-resolved spectroscopic study of nanosecond laser-produced tin plasma.   

3.1 Experimental Layout 

The experimental layout illustrating the beam path and key plasma diagnostics
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is shown schematically in Figure 3.1.  Plasma is generated using 1.064 µm light from an 

injection seeded, Q-switched (8 ns nominal FWHM) Nd:YAG laser (Spectra-Physics, 

Quanta-Ray PRO-290).  The beam is focused at normal incidence onto 99.8% pure 2 mm 

thick planar tin targets (Goodfellow Corporation) with either an f = 31.5 cm or f = 35.5 

cm antireflection coated plano-convex lens.  Semi-infinite slab targets are chosen to 

avoid ablation-limiting radiation burn-through behavior typically encountered with 

microfoil targets.  Tin targets are mounted on a two axis linear translation sample holder 

inside a stainless steel vacuum chamber.  Prior to experiment, targets are carefully 

degreased to ensure reproducibility of the spectrum, and to avoid impurity radiation 

which is especially important for the XUV continuum measurements.  The chamber is 

evacuated using a cryogenic pump (Cryo-Torr 8, 1500 liters/sec) capable of achieving a 

base (empty) pressure of ~ 5 × 10-7 Torr.  Due to the out-gassing of various materials 

within the chamber and frequent venting to atmosphere, the actual experimental pressure 

is maintained at 10-6 Torr. Through an externally controlled stepper motor, the target is 

translated across the incident laser beam in order to provide a pristine surface for each 

laser pulse.  At 10 Hz operation, this ensures reproducibility of the laser-target interaction 

and thus time-dependent emission spectrum by avoiding errors associated with repeated 

ablation at the same focal position.  For optical emission spectroscopy and intensified 

CCD imaging, plasma emission is measured along the direction of plume expansion from 

two orthogonal vacuum ports.  Extreme ultraviolet spectroscopy is performed with a pair 

of x-ray photodiodes (XRDs) positioned at an angle of ~ 80° with respect to target 

normal.   
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3.2 Laser Power Source 

The laser used in this work has a maximum energy output of ~ 1 Joule at λ  = 

1.064 µm in the optimized cavity optics configuration.  Laser beam energy is monitored 

using a thermal volume absorbing head (Ophir Model HE-150) calibrated for ± 3% 

accuracy (NIST traceable).  A half-wave plate is used in combination with a polarizing 

cube beam splitter to attenuate beam energy and accurately control irradiance conditions 

on target.  The temporal profile of the laser is monitored with a fast photodiode (Electro-

Optics Technology ET-2000, 200 picosecond rise time) coupled to a 500 MHz digital 

phosphor oscilloscope, (Tektronix TDS3052, 5GS/s maximum real-time sampling rate).  

The sample trace in Figure 3.2 shows that the temporal profile of the laser is nearly 

Gaussian in time with a FWHM of ~ 8 ns.  Spatial profiles of the laser are obtained by 

holographically sampling the beam in first order, and observing it with a laser profiling 

camera (Photon Inc. model 2320).  Horizontal and vertical scans shown in Figure 3.3 

provide information about the structure of the unfocused laser beam when the laser is 

operated in Q-switched mode.   

3.3 Key Plasma Diagnostics  

Measurement of electromagnetic radiation is the primary means of studying 

hydrodynamics and radiation energetics within the evolving tin plasma.  In the following, 

we discuss in detail the suite of diagnostics used to characterize the plasma’s emission 

spectrum.   

3.3.1 Nanosecond-Gated Intensified CCD Camera 

 For nanosecond resolution of the plasma hydrodynamics, we position an  
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Figure 3.2: Sample trace of Nd:YAG temporal profile.   
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Figure 3.3: X-Y scans of unfocused Q-switched Nd:YAG laser beam.  The ordinate axis 
is in arbitrary units and the abscissa is in microns.   
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intensified CCD camera (Princeton Instruments ICCD, PI-MAX Model 512 RB) 

perpendicular to the expansion axis outside the vacuum chamber (see Figure 3.1).  The 

ICCD has a dynamic range of ~ 50 dB.  Measurements are used to determine dimensions,  

velocity, and acceleration of the luminous components of the expanding plasma, 

facilitating the identification of regimes of self-similar plasma flow.  The field of view at 

the detector plane is 12.4 mm × 12.4 mm, which provides a maximum spatial resolution 

of 12.4 mm/512 pixels ~ 24 µm/pixel.   Using an identical plano-convex lens pair, a two-

dimensional mapping of the plume intensity is imaged onto an intensifier fiber optically 

coupled to a CCD detector behind it.  The one-to-one imaging system has an aberration-

limited spatial resolution of ~ 130 µm.   This parameter is determined by calibrating the 

CCD pixel array with an object of known dimension, and is critical in the calculation of 

expansion velocity as well as plume length.  The visible radiation from the plasma is 

recorded integrally in the wavelength range 350 – 900 nm.  A neutral density 1 filter is 

employed to protect the intensifier from the most intense plasma radiation.  A 

programmable timing generator (Princeton Instruments) with an input trigger provided by 

the laser is used to control the delay time between the arrival of the laser pulse and the 

electronic gating of the detector.  The laser is operated at 10 Hz such that each frame in a 

sequence of ICCD images represents plasma emission created by an individual pulse.  

The maximum achievable resolution or minimum FWHM gate width (exposure time) of 

the ICCD camera is 1.6 ns.  The ~ 2 ns temporal resolution is capable of capturing the 

plasma evolution from times as early as the rising edge of the laser pulse.  Timing jitter of 

the laser trigger, programmable timing generator, and detector is ± 1 ns.   
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3.3.2 The Optical Emission Spectrograph 

 Extended-time measurements of tin electron temperature and density are made by 

spectroscopically diagnosing the bound-bound emission spectrum (500 nm < λ  < 700 

nm) through an orthogonal vacuum port from outside the vacuum chamber.  Electron 

temperature and density are two state variables used to characterize the plasma at a given 

point in space and time.  A one-to-one optical imaging system comprising two f = 35 cm 

plano-convex lenses and a 3” diameter enhanced aluminum 90° reflector collimate and 

refocus visible emission onto the 20 µm entrance slit of a 50 cm Czerny-Turner 

spectrograph (Acton, Spectra-Pro 500i).  The spectrograph and imaging system are 

illustrated schematically in Figures 3.4 and 3.5, respectively.  After passing through the 

entrance slit, divergent plasma light is first collimated by a curved mirror as shown.  The 

collimated beam is then diffracted from a grating and a second curved mirror refocuses 

the dispersed light onto an attached ICCD detector.  The ICCD camera is operated with 

vertical binning of the 512 × 512 pixel array to provide spectral intensity versus 

wavelength.  To obtain spatial resolution along the plume’s expansion axis, the three 

optic imaging system is translated with a micrometer stage (± 5 µm uncertainty) while 

maintaining central focus on the entrance slit.  This configuration enables us to minimize 

the slit width and therefore optimize the spectral resolution of the combined 

imaging/spectroscopy system.  The imaging system provides an aberration-limited spatial 

resolution of ~ 130 µm along the expansion axis.  The spectrograph is equipped with 

three diffraction gratings mounted on a rotational turret: 150, 600, and 2400 groove/mm.  

The effective linear dispersion at the detector plane with the 150, 600, and 2400  
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Figure 3.4: Schematic of the triple grating Czerny-Turner spectrograph used for optical 
emission spectroscopy.  
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groove/mm gratings is 12.6, 3.1, and 0.6 nm/mm, respectively. For Stark broadening 

studies the highest resolution of the 2400 groove/mm holographic grating is required, 

while the 600 groove/mm grating is sufficient for temperature measurements.  A 

programmable timing generator (Princeton Instruments) enables the acquisition of time-

resolved plasma spectra by controlling the delay between the laser pulse arrival and the 

detector system, as well as the intensification (exposure) time.  The laser is operated at 10 

Hz such that a time-sequence of gated optical spectra represents plasma emission 

generated by individual laser shots.  Synchronization of the laser pulse arrival and 

triggering of the detector is subject to a jitter of ± 1 ns.  The ICCD is cooled to -20° C 

using a Peltier-effect cooling system to reduce thermal noise, and the remaining 

background as well as dark current signals are automatically subtracted from the 

measured spectra.  The spectral response calibration of the system (spectrograph and 

detector) is performed with a tungsten lamp and integration sphere in the wavelength 

range of 350 – 950 nm.  Plots of the combined spectrograph and ICCD spectral response 

for the 600 and 2400 groove/mm gratings are provided in Figures 3.6 and 3.7, 

respectively.  Routine wavelength calibration is performed with a pen-ray mercury light 

source.    

3.3.3 The Extreme Ultraviolet Photodiode Spectrometer 
 
  An XUV photodiode spectrometer has been developed to monitor the radiative 

losses and plasma temperature during laser irradiation.  The technique used is a variation 

on the absorption foil method proposed by Jahoda, et al. [22] and Elton, et al. [37].  

Anticipating limited flux from a small focal spot plasma generated in the 1011 – 1013 

W/cm2 laser irradiance regime, we measure the total wavelength integrated emission  
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Figure 3.6: Combined spectral response of the optical emission spectrograph, 600 
groove/mm grating, and ICCD detector.   
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Figure 3.7: Combined spectral response of the optical emission spectrograph, 2400 
groove/mm grating, and ICCD detector.   
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rather than reconstruct the high-frequency exponential limb of the radiation spectrum  

(Eqn. 1).  While this approach does not provide full spectral detail of the short 

wavelength region, it has the advantage of high signal to noise and therefore facilitates 

the deconvolution process.   

Photodiode Detectors – Construction and Operation 

 The spectrometer comprises two foil-filtered PN junction silicon photodiodes 

(International Radiation Detectors, AXUV-HS5) positioned 9 cm from the target at an 

angle of ~ 80° with respect to the axis of the incoming laser beam.  A helium-neon laser 

is used to achieve symmetric angular positioning of the XRDs with respect to the target 

normal.  Figure 3.8 schematically illustrates the construction of these devices.  When the 

1 mm × 1 mm active area of the diode is exposed to photons with hν  > 1.12 eV, 

electron-hole pairs are created in the depletion layer of the PN junction.  The electron-

hole pairs are swept across the PN junction by an applied reverse bias, generating a 

current measured via an external circuit.  The electric current is proportional to the 

number of photo-generated carriers, which depends upon the light intensity and photon 

energy.  For ultraviolet and XUV photons, the number of photo-generated charge carriers 

is greater than 1, resulting in internal quantum efficiencies that exceed unity.  These 

detectors are chosen because of their stable high quantum efficiency and extremely thin 

(7 nm) SiO2 protective entrance window.  The first property arises from the absence of a 

surface dead region, preventing recombination of photo-generated electron-hole pairs in 

the doped N-type region and Si-SiO2 interface.  This results in complete collection of the 

photo-generated charge carriers via an external circuit and near theoretical quantum 

efficiency.  The extremely thin passivity layer is the only source of quantum efficiency  
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Figure 3.8: Structure of the AXUV-HS5 photodiode.  Details of the components are as 
follows: N-type region, defect-free silicon lightly doped with phosphorus; P-EPI, silicon 
doped with boron - epitaxial layer; P+ region, silicon heavily doped with boron; N+ 

region, silicon heavily doped with phosphorus; P+ substrate, silicon very heavily doped 
with boron. 
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loss, and is only significant for 7 to 100 eV photons.  Figure 3.9 is a plot of the typical 

quantum efficiency for AXUV-HS5 devices.  The data shown in Figure 3.10 represent 

the experimentally (factory) measured responsivity (Amperes of generated current/Watts 

of absorbed radiation) of the AXUV photodiodes.  The uncertainty in these values from 1 

- 20 nm is 2%; 20 - 40 nm, 3%; 40 - 65 nm, 4%; and 65 - 80 nm, 5%.    

Another important property of the photodiodes used for this work is their time 

response.  Because the series resistance of a diode scales with its active area, this 

amounts to balancing the desired experimental time resolution and signal strength.  The 

diode response time is a function of the detector’s intrinsic RC characteristics, the 

oscilloscope measuring circuit, and the charge carrier transit time.  The capacitance C  of 

the diode is given by 

3.33 pFAC
d
ε

= =                     (3)  

where ε  is the silicon permittivity = 10-12 F/cm; A , the active area = 0.01 cm2; and d , 

the intrinsic layer thickness = 30 ± 10 µm.  The series resistance of the diode is dictated 

by the distance that electrons travel between the N-region and the N+ electrode, and is on 

the order of 5 Ω for this particular diode.  The rise time of the device is given by 2.2 RC  

= 0.4 ns assuming 50 Ω input oscilloscope impedance.  In the worst case scenario, a hole 

traveling across the entire depletion layer thickness results in a carrier transit time of 0.57 

ns when a 50 V reverse bias is applied to the diode [38].  The applied bias increases the 

electric field across the junction, resulting in a higher carrier drift velocity and reduced 

transit time.  Summing the two values in quadrature yields a rise time of 700 psec, which 

is consistent with the manufacturer’s specification.  In addition to improved frequency  
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Figure 3.9: Quantum efficiency of IRD AXUV-HS5 silicon photodiodes.   
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Figure 3.10: Experimentally determined responsivity values of AXUV-HS5 photodiodes 
in spectral window relevant to this work.    
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response, the applied reverse bias also increases the linear range of the photodiodes and 

prevents saturation at high light levels.  We use an IRD manufactured capacitively-

coupled bias tee (Model #BT250) and an adjustable DC power supply (Hewlett Packard, 

Model 6024A) to maintain a constant 50 V reverse bias on the photodiodes.  The amount 

of bias needed for linear operation of the XRDs is determined by increasing the voltage 

until the area under the voltage-time curve stops increasing with applied bias.  At this 

point, all of the photon generated charge is being collected.  Approximately 5% of the 

diode output is lost in the biasing electronics.  A schematic of the bias tee circuit is shown 

in Figure 3.11. 

Photons incident on the diode periphery create carriers that are collected by 

diffusion processes due to the absence of the electric field in that region.  Since the 

diffusion velocity << drift velocity, this can result in unequal diode rise and fall times.  In 

order to ensure equivalent rise and fall times for the diode, the incident radiation is 

limited to the active area using a 150 µm diameter pinhole.  Given the distance at which 

the XRDs are positioned relative to the target, the pinholes subtend an acceptance cone 

that spans the entire surface area of the radiating plasma.   

The laser is operated in single-shot mode where shot-to-shot variations in the 

XRD signals are at the few percent level and representative of the laser’s repeatability.  

The XRDs are triggered with pump laser light using a fast photodiode (Electro-Optics 

Technology ET-2000, 200 picosecond rise time) coupled to a 500 MHz digital phosphor 

oscilloscope (Tektronix TDS3052, 5GS/s maximum real-time sampling rate).  

Uncertainty in simultaneity between laser pulse arrival and triggering of the photodiode 

detectors is ± 1 ns.  The use of these devices ultimately allows us to trace the nanosecond  
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Figure 3.11: Electronic schematic of the BT250 bias tee circuit, detector, and 
oscilloscope.   
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evolution of radiated plasma power from the rising edge of the laser pulse.   

XRD Spectral Filtering 

The diodes are filtered to remove all visible and UV radiation longward of 80 nm 

to avoid radiative contributions from cold plasma, typically manifested by discrete 

spectral line emission.  This spectral discrimination is achieved by directly depositing 

thin absorptive foils of various composition and thickness upon each diode’s SiO2 

entrance window.  This method is preferred over fragile freestanding thin foil filters 

because of its compact, robust design and resistance to pinhole damage from routine 

handling.  Moreover, filter thickness is determined by experimental specifications and not 

by mechanical strength requirements to be self-supporting.  The first detector (channel 1) 

is filtered with 197 ± 10 nm of aluminum which produces the spectral response shown in 

Figure 3.12.  The second detector (channel 2) is filtered with silicon, zirconium, and 

titanium with the following respective thicknesses: 100 ± 10 nm, 200 ± 10 nm, and 10 ± 

2 nm.  The resulting spectral response is illustrated in Figure 3.13.  X-ray absorption 

coefficients of the various materials used in the spectral response calculation are obtained 

from the Center for X-Ray Optics web site hosted at Lawrence Berkeley Laboratory [39].  

Both filtered diodes provide more than four orders of magnitude of visible light blocking 

capability.  The increased response at shorter wavelengths (λ  < 2.5 nm) is not expected 

to contaminate the data between 10 and 80 nm since plasma generated in the irradiance 

regime of this work has negligible radiative contribution there [6].     

Null tests are performed to ensure that the signals detected by the filtered 

photodiodes are due to plasma radiation and not an electromagnetic pulse generated at the 

laser focus, or pulsed-power transients associated with the laser’s discharging capacitor  
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Figure 3.12: Combined spectral response of silicon photodiode, 8 nm thick SiO2 entrance 
window, and 197 nm thick aluminum filter.    
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Figure 3.13: Combined spectral response of silicon photodiode, 8 nm thick SiO2 entrance 
window, and 100/200/10 nm thick silicon/zirconium/titanium filter.    
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bank.  Each detector is shielded with several millimeters of aluminum (guaranteed to 

suppress all plasma emission) while the laser is repeatedly test fired onto a tin dummy 

target.  Detector voltages measured with the oscilloscope show no variation above the 

background noise (few mV) level.   

3.4 Metrology 

 Quantitative comparisons between experiment and model are only possible when 

plasma conditions are accurately characterized.  As such, we have taken every precaution 

to ensure the accuracy of experimental measurements by implementing several novel 

metrology techniques briefly discussed here.   

3.4.1 Optical Alignment for Visible Spectroscopy  

 To be confident in the spatially-resolved spectroscopic measurements, we 

establish a reference line from which all spectroscopic measurements are made.  Using a 

helium-neon laser, we optically position the target plane within the 20 µm spectrograph 

entrance slit to within ± 25 µm.  This establishes the boundary from which plasma 

originates, a crucial optical reference for obtaining accurate spatially-resolved 

measurements of the emission spectrum.  This degree of accuracy permits us to probe the 

spatial distribution of temperature and density with resolution on the order of a gradient 

scale length.  The details of this optical alignment method are discussed in Appendix A.   

3.4.2 Focal Geometry Diagnosis 

 Since many plasma quantities such as electron and ion temperature, as well as 

ionization state scale with laser intensity, this parameter must be well-defined to assure 
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experimental reproducibility and meaningful comparison to theory.  Knowledge of the 

focal spot size is crucial in laser-produced plasma experiments because of its role in 

establishing the incident laser irradiance and the initial plasma scale length.  To 

determine the focal spot size at the target plane, we accurately image the laser focus onto 

a calibrated camera.  Combining oversized optics to eliminate aberrations and a high-bit 

depth CCD camera (DataRay WinCamD, 1.4 MegaPixel 4.65 µm/pixel, 14 bit) we 

measure a nearly Gaussian spatial profile on target.  Figure 3.14 represents the digitized 

image of the focal spot measurement carried out using the f = 35.5 cm focusing lens.  The 

21 e focal spot diameter is determined to be 58 ± 3 µm at best focus.  Experiments are 

carried out at best focus to guarantee uniform illumination of the target.  The accuracy of 

this technique is limited by the spatial resolution (pixel size) of the camera and quality of 

the imaging optics.  A complete description of the technique along with reasons for its 

superiority over other methods is provided in Appendix B.  

3.5 XUV Spectroscopy 

 In this section we discuss the deconvolution procedure used to obtain important 

plasma quantities such as radiation temperature and conversion efficiency from 

measurements of the XUV emission spectrum.  As always, the assumptions are stated at 

the outset along with appropriate justification.   

3.5.1 Assumptions in XUV Spectroscopy 

 The use of absorption foil spectroscopy to diagnose the plasma continuum in this 

work assumes that the spectral line contribution is negligible compared to free-free 

transitions.  While this is somewhat difficult to verify without a grazing incidence  
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Figure 3.14: Digitized image of 58 ± 3 µm 21 e Gaussian focal spot diameter.   
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spectrograph to resolve the high-energy region of the spectrum, it is generally accepted 

for high-Z plasma during the laser irradiation phase [40].  The continuous source of laser 

energy maintains extreme levels of excitation such that the plasma may be considered 

ionizing, and is therefore too hot to be a significant source of spectral line emission.  

Figure 3.15 is a line identification plot for ionized tin indicating that between 30 and 80 

nm, the spectrum is indeed dominated by continuum emission [41].  There are discrete 

shell transitions within an ionized material (K, L, M, etc.) that contribute to the radiated 

power, but are typically on the order of hν   1 keV, and therefore fall outside the 

bandpass of the filtered diodes.  Tin is a unique material in that its spectrum near 13.5 nm 

comprises several overlapping bound-bound transitions resulting in a quasi-continuum 

called an unresolved transition array (UTA).  Due to the density of spectral lines in this 

part of the spectrum, we treat it as if it were a pure continuum.    

To simplify the deconvolution process, we assume that the hot, nascent plasma is 

in a state of equilibrium.  For optically thin plasma, this is equivalent to assuming a 

thermal bremsstrahlung spectrum (Eqn. 1) where electrons are Maxwellian-distributed 

and characterized by a unique temperature.  For optically thick plasma, where radiation 

transport occurs via absorption and reemission of photons, the spectral distribution of 

radiation is Planckian [42, 43] 

[ ]
2 5

-2 -1 -1 -12( ) (J cm sec sr cm )
exp( ) 1B

hcB T
hc k Tλ

λ
λ

−

=
−

                                                            (4) 

where ( )B Tλ  is the intensity per unit wavelength; T , the radiation temperature which 

characterizes the energy content in the incoherent radiation field; and the other symbols  
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Figure 3.15: Line identification diagram for multiply ionized tin plasma.  Ordinate is 
plotted in relative intensity units.  (From Ref. [41].)  
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defined previously.  For plasma to behave like a blackbody emitter, its matter and 

radiation must be in thermal equilibrium.  Because laser-produced plasma is inherently 

transient, the conditions for equilibrium cannot be sustained indefinitely.  It is therefore 

likely that a real laboratory plasma manifests both equilibrium and non-equilibrium 

behavior.  Unless stated otherwise, however, we assume that the plasma is sufficiently 

collisional such that equilibrium conditions prevail during laser irradiation.  The rapidly 

expanding plasma results in an optical depth that varies by several orders of magnitude.  

This indicates that the plasma exhibits both blackbody and bremsstrahlung radiation 

characteristics depending upon the observation time and position.  This is explored 

further in chapter 5.   

3.5.2 Spectral Deconvolution 

 There are two methods of extracting useful temperature and conversion efficiency 

information from the voltage-time profiles of the filtered photodiodes.  For a given time-

dependent spectral radiation distribution -2 -1 -1 -1( , , ) (J cm sec sr cm )P T tλ , the current 

generated from a photodiode that subtends a solid angle Ω  from the source when 

radiation in the interval λ  → dλ  is incident on its active area can be expressed as 

2

1

2

0
( ) (1 ) ( , , ) ( ) ( )Biasi t P T t T R d d dA

λ π

λ
η δ λ λ λ λ= − Ω∫ ∫ ∫                                         (5) 

where Biasη  is the efficiency of the bias electronics = 95%; δ , the high-frequency cable 

insertion loss ~ 2%; 1λ  and 2λ , the lower and upper 21 e cutoff wavelengths for each 

photodiode (Table 3.1); ( )T λ , the wavelength dependent filter transmission coefficient; 

( )R λ , the responsivity (A/W) in the bandpass of the filter; A , the area of the radiating 
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plasma; and t , the time.  To a very good approximation, the optically measured focal 

spot area fA is equivalent to A  [26, 44].  The time-dependent plasma temperature is 

obtained iteratively by folding a variety of temperature values with the filtered diode 

response and carrying out the integration in Eqn. 5 numerically until convergence to 

experimental current values is reached.  Since this procedure must be performed for both 

diodes, there is some uncertainty in the convergence toward a unique time-dependent 

temperature.  Once the time-varying current is converted to its equivalent temperature 

profile, substitution into the wavelength-integrated assumed spectral form (Eqn. 9 if 

Planckian, Eqn. 10 if bremsstrahlung) yields the radiated power as a function of time in 

the spectral region 10  λ    80 nm.  A straightforward numerical integration of this 

time series gives x rayE − , the total energy radiated from the plasma in the wavelength 

range 10  λ    80 nm.  The conversion efficiency -x rayη or fraction of incident laser 

energy (assuming unity absorption) radiated in this spectral band is calculated from   

-
-

x ray
x ray

L

E
E

η =                                                   (6) 

where LE is the incident laser pulse energy.  For a bremsstrahlung spectral form, this 

Table 3.1: 21 e cutoff wavelengths for aluminum and silicon-zirconium XRDs. 

 Aluminum XRD Silicon-Zirconium XRD

1λ  (nm) 17.25 10.5 

2λ (nm) 79.25 19 
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approach must be modified slightly as the plasma is no longer a surface but a volume 

emitter.  This is accomplished by including the inverse bremsstrahlung absorption length 

(Eqn. 2) in the iterative integration process as prescribed in Sec. 2.1.  The remaining steps 

are carried out identically.   

 The second method of calculating temperature and conversion efficiency from the  

XRD current is faster and provides the same results within the uncertainty of the 

measurements.  Rather than integrating over the wavelength dependent filtered diode 

response ( ) ( )T Rλ λ  in Eqn. 5, we calculate its spectral average as a function of 

temperature for each XRD, and push it through the integral.  The response weighted with 

the assumed spectral form is given by 

-1

2

1

2

1

( ) ( ) ( , )
( ) ( ) (A W )

( , )

R T P T d
R T

P T d

λ
λ

λ
λ

λ λ λ λ
λ λ

λ λ
=
∫

∫
                        (7)     

where ( ) ( )R Tλ λ  is the spectral average of the filtered diode response; ( , )P Tλ , the 

bremsstrahlung or blackbody spectral distribution (Eqns. 1 and 4, respectively); and the 

other symbols defined previously.  As shown in Figures 3.16 and 3.17, ( ) ( )R Tλ λ  is  

a slowly varying function of plasma temperature in the anticipated peak radiation 

temperature range of 10 – 50 eV.  The arithmetic mean of each XRD’s ( ) ( )R Tλ λ  value  

from 5 to 50 eV is given in Table 3.2 for both bremsstrahlung and blackbody spectral 

distributions.  Exploiting the spectral averages, the time-dependent radiated plasma 

power in each spectral band is given by [45] 

2( )1 1 1 2( ) (W)
(1 ) ( ) ( )

Scope
XRD

Bias Scope P

V t RP t
R R T A

π
η δ λ λ

=
−

                                                     (8) 
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Figure 3.16: Bremsstrahlung and Planck averaged aluminum filtered XRD response 
plotted as a function of plasma temperature.   
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Figure 3.17: Bremsstrahlung and Planck averaged silicon-zirconium filtered XRD 
response plotted as a function of plasma temperature.   
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where ( )ScopeV t  is the time-varying diode voltage measured with the oscilloscope; ScopeR , 

the input impedance of the oscilloscope = 50 Ω ; R , the distance from the plasma source 

to XRD active area ~ 9 cm; PA , the area of the 150 µm diameter pinhole; and the other 

symbols defined previously.  Here we assume that the target surface radiates a 

Lambertian distribution of photons into its forward 2p steradians.  Also, because the 

linear source dimension fD R<< , the solid angle is calculated in the plasma point 

source approximation.  Plasma temperature is determined by summing the radiated power 

from each XRD ( _ _Al XRD Si Zr XRDP P −+ ) and setting it equal to the wavelength integrated 

form of the spectral distribution ( , )P Tλ .  For a blackbody spectrum, the total theoretical 

radiated power radP  has the familiar form [43] 

[ ]
2 52 2 4

0 0 0 0

2( , ) (W)
exp( ) 1rad f f f

B
r

hcP A P T d d A d d A T
hc k T

π π λλ λ λ σ
λ

−∞ ∞
= Ω = Ω =

−∫ ∫ ∫ ∫     (9)       

where σ  is Stefan-Boltzmann’s constant = 1.03 × 105 
4 2

W
eV cm

; and rT , the radiation 

temperature.  x rayE −  is calculated from a straightforward numerical integration of ( )XRDP t  

which is subsequently used to compute the conversion efficiency from Eqn. 6.  For a  

 
Table 3.2: Arithmetic mean of ( ) ( )R Tλ λ values from 5 to 50 eV for two continuum 
spectral forms. 

 Aluminum XRD

( ) ( )R Tλ λ  

Silicon-Zirconium XRD 

( ) ( )R Tλ λ  

Bremsstrahlung spectrum 0.083 0.042 

Planck spectrum 0.108 0.044 



  62  

 

thermal bremsstrahlung spectrum, the total theoretical radiated power is calculated as 

discussed in Sec. 2.1. 

3/ 2 2 2 2
2

0 0

2 2 2
2 2

20 0

3 (2π ) 1 /
( ) ( )

16π ln ( )

2π 1 /
exp ( ) (W)

ln ( )

f e p
rad f e abs e

f pB e
B e

B e

cA Cg m
P A T l T d d

CA gk T hc d d k T
k T hc

π

λ

π

ν ν ν
ε λ

ν

ν ν ν
λ

λ λ ν

∞

∞

−
= Ω = ×

Λ

−⎛ ⎞
− Ω =⎜ ⎟ Λ⎝ ⎠

∫ ∫

∫ ∫
                     (10) 

where C  is a constant = 1.94 × 10-29, and the other symbols defined previously.  

Important distinctions to note between this result and that for a blackbody radiator are (1) 

the squared dependence upon temperature for total integrated power and (2) the power 

dependence upon the electron temperature eT as opposed to the radiation temperature rT .  

This is because a bremsstrahlung spectrum represents equilibrium among electrons and 

thus a unique electron temperature, while a Planck spectrum represents complete thermal 

equilibrium between matter and radiation.  In optically thick regions this establishes a 

radiation energy density U characterized by a unique radiation temperature rT  [43] 

4
-34 (J cm )rTU

c
σ

=                          (11) 

3.6 Optical Emission Spectroscopy 

In this section we discuss the deconvolution procedures used to extract plasma 

electron temperature and density from optical line emission spectra.  Since the accuracy 

of spectroscopic measurements relies on the existence of certain limiting behavior, we 

also take a close look at the assumptions made and quantify their range of validity.  This 

validation must be carried out before meaningful information may be extracted from 

spectral data.   
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3.6.1 Line Spectra Formation   

The transient nature of laser-produced plasma is manifested in its emission 

spectra as illustrated in Figure 3.18.  Shown is the temporal evolution of typical Sn II 

spectra obtained under the experimental conditions outlined in chapter 6.  Early in its 

development, the plasma is dominated by bremsstrahlung, or continuum radiation arising 

from collisions between energetic electrons and relatively stationary ions.  This is a 

process where unbound electrons in hyperbolic orbits about massive ions undergo a 

transition to a lower energy state by emitting photons characteristic of the cold 

(Maxwellian) electron temperature. Depending upon the target material, the 

bremsstrahlung emsission can create optically thick radiation conditions at the ablation 

front, resulting in a fraction of the absorbed energy being reradiated as Planck emission.  

Details of this process are discussed in chapter 5.  As the plasma cools and expands the 

photon mean free path increases relative to the gradient scale length and the continuum 

shifts to longer wavelengths.  The radiation process ultimately gives way to atomic and 

ionic bound-bound transitions, representative of the changing thermodynamic state of the 

plasma.  The cascade of energy originating in the continuum results in a line spectrum 

composed of predominantly ionic species at shorter time delays ( t  > 50 ns), and then 

excited neutrals for delays in excess of several hundred nanoseconds.  Only after ~ 80 ns 

does the line-to-continuum ratio increase to a level where optical emission spectroscopy 

becomes appropriate for diagnosing the plume.  
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Figure 3.18: Typical time-resolved emission spectra from laser-produced tin plasma 
generated with a laser irradiance LI = 3.8 × 1011 W/cm2.  The spectra are recorded at a 
distance of 1 mm from the target surface using a gate integration time of 10 ns.          
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3.6.2 Assumptions in Optical Emission Spectroscopy 

Self-absorption  

 The first assumption is based on the necessity of optically thin plasma such that 

late-time radiation measurements and the interpretation thereof represent the true plasma 

conditions.  Self-absorption depends on spectral line parameters such as absorption 

oscillator strength, level energy and associated statistical weight, as well as on plasma 

quantities such as temperature and density.  A resonance line is most susceptible to self-

absorption effects because of its large oscillator strength and high ground state 

population.  Since the spectral lines used in this work originate in high lying levels and 

terminate in excited states, the self-absorption associated with them is expected to be 

small.  We quantify this by calculating the spectral absorption given by the following 

expression [46] 

13 2 -1( ) 8.85 ×10 ( ) (cm )ij ij i ijf n Pκ λ λ λ−=                  (12) 

where ijκ  is the absorption coefficient; ijf , the absorption oscillator strength; λ , the 

emission wavelength (cm); in , the population density of the lower energy level (cm-3); 

and ijP (cm-1), the normalized line profile at line center.  For a Lorentzian spectral line 

profile, 1(π )ij FWHMP λ −= ∆ .  To provide an upper bound on any radiation absorption 

occurring in the plasma, we carry out the calculation for the line used in temperature and 

density measurements with the strongest absorption oscillator strength; ijf = 0.835,  λ  = 

556.2 nm (6d2D → 6p2Po).  The population density of the lower state is calculated from 

Boltzmann factors and the first three atomic partition functions (Sn I – Sn III) obtained 
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from J. Halenka, et al. [47].  The atom density is taken as approximately equal to the 

electron density, which we acknowledge is an overestimate, but would act only to 

increase the absorption coefficient.  Using the maximum measured electron density of 5.3 

× 1017 cm-3 (see chapter 6) which corresponds to a FWHM line broadening of ~ 2.7 nm, 

along with the simultaneous peak plume temperature of ~ 1.5 eV, we calculate a lower 

level density of 5.5 × 1013 cm-3 and an absorption coefficient of 0.15 cm-1.  Combining 

this with the 1.9 mm plume length obtained from gated imaging (see chapter 6) shows 

that self-absorption is ~ 3% and indeed negligible, indicating that the optical emission 

spectrum is far from Planckian in the late-time expansion phase.  

Equilibrium Considerations 

  To sustain complete thermodynamic equilibrium in a plasma, free electrons must 

be Maxwellian, bound electrons are distributed according to Boltzmann statistics, free 

particle densities obey the Saha equation, and radiation is Planckian [48].  We have 

already shown that the plasma is not a blackbody emitter in the optical regime, hence 

LTE is defined as meeting the first three constraints.  The issue of LTE in laser-produced 

plasma as it pertains to plasma spectroscopy is an important topic, and has been 

investigated by a number of authors [24, 49 – 54].  Typically, LTE conditions prevail 

when atomic processes are dominated by collisional rather than radiative transitions.  

Since electrons are the most mobile particles in the plasma and therefore most effective in 

exciting collisional transitions, LTE essentially imposes a threshold on the free electron 

density.  We validate the assumption of LTE by equating the electron collisional 

transition rate to the radiative decay rate - a calculation known as the McWhirter 



  67  

 

Criterion.  For less than 10% deviation from LTE, the electron density must satisfy the 

following condition for a stationary, time-independent plasma [55] 

12 3 -31.6 ×10 ( ) (cm )e en T E≥ ∆             (13)  

where eT  is the electron temperature in eV, and E∆  the energy of the radiative transition, 

also in eV.  A complete analysis of plasma equilibrium conditions is carried out in 

chapter 6.   

 Spectral Line Broadening Mechanisms  

  The width of a spectral line formed through an electronic transition in 

astrophysical and laboratory plasmas is an invaluable diagnostic tool for probing the 

plasma conditions surrounding the emitting ion [56].  The two main broadening 

mechanisms for plasmas in the regime of this study are Doppler and Stark broadening.  

While most researchers assume that one mechanism is dominant over the other to 

facilitate spectral analysis, we carefully calculate the relative contributions to ensure 

proper interpretation of the data.  

 Doppler broadening arises from the random thermal motion of the emitting ions 

and produces a Gaussian line profile with a FWHM given by [57] 

57.8 ×10 (nm)e
D

T
M

λ λ−∆ =                                    (14) 

where λ  is the wavelength of the spectral line in nm; eT , the plasma electron temperature 

in eV; and M , the mass of the radiating ion in amu.  For the λ  = 556.2 nm Sn II 

transition, and a typical plasma temperature of ~ 4 eV in the late-times of interest, Dλ∆  ~ 

0.008 nm which is negligible in this work as it falls well below the threshold of 
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spectrograph resolution.  This value serves as an upper bound since 4 eV is at least a 

factor of 2 higher than the temperatures measured in the late-time plasma hydrodynamic 

phase.     

Stark broadening is due to the microscopic electric fields arising from ambient 

ions and electrons that perturb the radiating particle on various timescales.  When 

averaged over a distribution of particles, these perturbations have a collective effect and 

tend to broaden the emission line.  Stark broadening of well-isolated lines in singly-

ionized non-hydrogenic ions is predominantly by electrons [48].  In the electron impact 

approximation to Stark broadening, the width of the resulting Lorentzian line profile is 

linearly proportional to the perturber density [58] .  Since broadening is proportional to 

the density of the perturbers, a comparison to the theoretical line width leads to a rather 

straightforward calculation of the plasma density [48] 

16
-3( 10 ) (cm )

2
S

en
W

λ∆ ⋅
=                         (15) 

where en is the electron density; Sλ∆ , the experimentally measured FWHM of the Stark-

broadened line in Å; and W , the electron impact parameter obtained from the literature.  

In this approximation, the electron collisions with the radiating ion are treated as delta 

functions, and must be sufficiently separated in time.  In other words, the valid impact 

approximation regime requires that the duration of an electron collision cτ τ<< , the time 

between successive collisions.  Again, this condition is usually assumed to be true, but 

we explicitly calculate it from the following relationship [59] 

33
4

c

r
τ ρψ
τ

⎛ ⎞= ⎜ ⎟
⎝ ⎠

              (16) 
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where ψ  is a phase shift depending on the nature of the particle interaction; ρ , the 

effective impact parameter or Weisskopf radius which defines the limit between close 

and distant encounters in the plasma; and r , the inter-particle spacing.  The requirement 

that cτ τ<<  implies that rρ << , or that the plasma density not be too high.  In the late 

stage expansion phase of interest here, rρ  ~ 0.1, verifying that we are indeed in the 

valid density regime and that density estimates using this technique should be accurate to 

20 – 30% [48].  To estimate the spatial and temporal evolution of electron density in the 

laser-produced tin plasma, we select the singly ionized Stark-broadened line profile at λ  

= 556.2 nm (6d2D → 6p2Po).  The electron impact parameter is obtained from Miller, et 

al. [60] for a temperature and density of 1 eV and 1 × 1017 cm-3, respectively.   

Plasma as Time-Independent Medium and Limits to Optical Imaging System 

 It is desirable in plasma spectral analysis to obtain optical measurements 

representative of a medium whose properties do not change significantly during the 

measurements themselves.  In LPP optical emission spectroscopy, we assume that during 

the temporal duration tδ  of the spectral measurement, the level population kinetics of the 

line under investigation evolve on a timescale much shorter than that of the plasma 

hydrodynamics.  More specifically, we must assume that the plasma is stationary or 

frozen in space and time during the gate width tδ  such that the spectrum acquired at a 

particular distance from the target represents the instantaneous plasma conditions.  This is 

of course an approximation as the plasma propagates away from the target at a velocity 

between 106 and 5 × 106 cm/sec (10 – 50 µm/nsec).  The expanding plasma combined 

with the aberration-limited field of view of the imaging optics results in a loss of spatial 
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and temporal resolution as discussed below. 

 Given the care taken in the opto-mechanical alignment of the target surface to the 

spectrograph entrance slit (Appendix A), we are confident that relative spectral 

measurements with respect to the target reference plane are accurate.  However, the 

optical imaging system used to relay plasma emission to the entrance slit of the visible 

spectrograph has an aberration-limited spatial resolution or focal spot size of ~ 130 µm.  

The consequence of this is that radiation measurements made at a particular distance 

from the target oz  actually contain radiative contributions from plasma located at 

65 µmoz ± .  While not severe, the spatial resolution of electron temperature and density 

profiles taken along the plume’s expansion axis is subject to this additional uncertainty.  

Moreover, the quality of optical focus in the relay system also restricts the regime in 

which one may probe plasma dynamics.  For instance, while LPP is characterized by 

steep temperature and density gradients, this system is only applicable to the space-time 

regime where ,e e

e e

n T
n T∇ ∇

> 130 µm.  Otherwise, strong gradients can prevent sufficient 

isotropy of temperature and density in localized regions, rendering the interpretation of 

physical plasma quantities there meaningless [61].  Experimental data presented in 

chapter 6 verify that space-time measurements conducted in this work fall within the 

valid regime.       

 The experimental situation described above is further complicated by the 

hydrodynamic flow of ions away from the target.  This may be examined by considering 

the typical expansion velocity of ExpV = 10 µm/nsec, and a gate intensification time 
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10 nsectδ = .  During the acquisition of a single spectrum at a given distance oz from the 

target, the plasma advances a distance Expd V tδ=  = 100 µm, nearly the entire expanse of 

the focal spot of the collimating lens.  For plasma reaching the left edge (see Figure 3.5) 

of the focal spot the moment gate intensification begins, this is not dire as its emission is 

captured and represents plume dynamics within the optical resolution of the system.  

However, the spectrum also comprises emission from streaming ions that originate in 

different regions of plasma as far away as o Expz V tδ−  = 100 µm to the left of the 

collimating lens’s field of view.  Therefore, there is a finite smearing of plasma emission 

which ultimately manifests itself as a loss of spatial resolution in the temperature and 

density profiles.  This is inevitable as the plasma is a highly dynamic, rapidly expanding 

medium.  To avoid contributions from neighboring plasma, one may arbitrarily reduce tδ  

which discretizes the plasma into smaller temporal elements and increases temporal 

resolution.  However, this reduction in integration time also diminishes signal and the 

total period of time one is capable of tracing the exponentially decaying emission 

spectrum.  Thus, in this case the trade-off is between the desired temporal resolution and 

signal to noise.  One way to mitigate this effect is to choose mechanical sampling 

increments that exceed the uncertainties associated with the ExpV tδ  product.  Ideally, one 

prefers a diagnostic that propagates alongside the plume such that the time-dependent 

photon flux could be studied without loss of spatio-temporal resolution due to 

hydrodynamic smearing.  Unfortunately, however, this would not completely ameliorate 

the situation as radiation processes within LPP are inextricably linked to the 

hydrodynamics.      
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 Finally, we note that the optical acquisition system used to relay plasma light to 

the entrance slit of the visible spectrograph performs two-dimensional space-time 

imaging of an inherently three-dimensional plume.  Therefore, this sampling assumes that 

the plume is sufficiently symmetric about its expansion axis such that the measured 

plasma quantities are only a function of distance from the target surface.  Moreover, the 

ion propagation effects discussed above generate a distribution of light intensity within 

the 130 µm aberration-limited focal spot.  The projection of this intensity distribution by 

the focusing lens (see Figure 3.5) onto the 20 µm wide entrance slit spatially averages the 

light before it is dispersed by the diffraction gratings.     

3.6.3 Determination of Electron Temperature from Optical Emission 

Spectroscopy 

The electron temperature is an important plasma quantity for predicting ionization 

levels and coefficients for a variety of kinetic reactions.  Determination of electron 

temperature from spectroscopic measurements is model dependent [48] and specifically 

depends upon the equilibrium conditions within the plasma.  Generation of Boltzmann 

diagrams from the measurement of spectral line emission is the most widely accepted 

technique in determining plasma temperature but requires LTE conditions.  Specifically, 

this method provides the excitation temperature, which represents an equilibrium 

established between collisional excitation and de-excitation of excited levels [49].  When 

LTE can be verified, the excitation and ionization temperatures (derived from the Saha 

equation) are equivalent to the temperature defined by the Maxwellian electron velocity 

distribution [24].  Excitation temperature may be calculated with as few as two spectral 
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lines from a single ionization state provided that there is sufficient separation in the 

excited state energy levels [62, 63].  However, the use of several emission lines provides 

a more accurate determination of temperature since this considers the atomic population 

levels from multiple excitation states, thus yielding a better linear regression.  In an LTE 

plasma, Boltzmann statistics can be used to predict the excited state population level from 

the following relation [24] 

-3exp (cm )
( )
i j j

ij
e B e

n g E
n

Z T k T
−⎛ ⎞
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⎝ ⎠

                       (17) 

where ijn is the population of the jth excited level; in , the total density of the emitting 

species (ions or neutrals); jg , the statistical weight of the transition’s upper level; ( )eZ T , 

the partition function of the species; jE , the excitation energy; Bk , Boltzmann’s constant; 

and eT , the electron excitation temperature.  The relationship between spectral line 

emission intensity (total power radiated in a spectral line of frequency 
ij

cν
λ

=  per unit 

source volume) and the excited state population is [24] 
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where ijA is the spontaneous transition probability; h , Planck’s constant; c , the speed of 

light; and ijλ , the transition wavelength.  After taking the natural logarithm and 

rearranging, Eqn. 18 is recast into 
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Exploiting the linear relationship between these three terms across as broad a region of 

the visible spectrum as possible facilitates determination of the temperature without 

knowledge of the emitter density (ion or neutral), level populations, or the atomic species 

partition functions.  One should not interpret this to mean that the spectral line intensity is 

independent of the number of emitters.  The presence of the in  term in Eqn. 18 clearly 

demonstrates the contrary, and may be understood by simply considering the underlying 

physics.  Regions of higher ion or neutral density contain more emitters that generate 

additional discrete excited state transitions, resulting in more intense spectral line 

emission.  The important consequence of using the Boltzmann diagram technique is that 

spectral measurements used to derive temperature are not biased in favor of these denser 

regions.  In this work, excitation temperature is estimated from the Boltzmann plot of the 

following singly ionized tin spectral lines: 684.4 nm (6p2Po → 6s2S), 645.4 nm (6p2Po → 

6s2S), 558.9 nm (4f2Fo → 5d2D), 556.2 nm (6d2D → 6p2Po), and 533.2 nm (6d2D → 

6p2Po).  The atomic transition probabilities and level energies for singly ionized tin are 

obtained from Refs.  [60] and [64], respectively.  The associated uncertainty in the 

transition probability for Sn II spectral lines 684.4 nm, 645.4 nm, 558.9 nm, 556.2 nm, 

and 556.2 nm are ± 30%, ± 43%, ± 25%, ± 25%, and ± 25%, respectively [64].  The level 

degeneracies are calculated from the total angular momentum value J  using the quantum 

mechanical expression 2 1jg J= +  [65].   
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Chapter 4 

Numerical Modeling 

In order to understand the complex, time-dependent radiation-hydrodynamics 

processes that occur within laser-produced plasma, it is instructive to use a numerical 

model.  If the model is sufficiently rigorous it can be an invaluable tool for interpreting 

experimental data and determining which physical processes dominate plasma evolution.  

Comprehensive numerical simulations of laser-produced tin plasma experiments are 

conducted with HYADES - a one-dimensional, three-temperature, and three-geometry 

radiation-hydrodynamics code [66].  In this chapter, we provide a brief description of the 

code’s most important physics models and discuss its weaknesses; those interested in the 

details of the physics upon which the model is built and the equations solved therein may 

consult the author’s documentation [67].  

4.1 Laser Energy Absorption 

 Laser energy absorption in under-dense plasma is modeled using classical inverse 

bremsstrahlung [27, 68] where the non-linear (intensity-dependent) Langdon effect is not 

included.  Unabsorbed laser energy that reaches the critical surface is reflected and 
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undergoes inverse bremsstrahlung absorption backward through the underdense corona 

toward the laser source.  Stimulated emission, which would act to reduce laser 

absorption, is unaccounted for in the present version of the code.  The absorption of laser 

light in the overdense region takes place via the Fresnel absorption model [69].  

Collisionless resonance absorption is not expected to contribute significantly in the laser 

intensity regime of this work as it is typically effective only for 2
LλLI  ≥ 1015 (W/cm2) µm2  

[68, 70].  The generation of hot electrons, which is also a high-intensity phenomenon, is 

negligible and not accounted for in the model.  Two hundred numerical zones are used to 

simulate the 2 mm thick tin target.  To ensure a smooth inverse bremsstrahlung 

absorption profile, the widths of the ten one-dimensional target zones facing the laser are 

set to the skin depth at critical density, which is ~ 150 nm.  The 190 internal Lagrangian 

cells are defined such that the change in mass between adjacent zones is ~ 5% to assure 

realistic electron and photon transport along the expansion direction.  To compensate the 

plane wave nature of the laser source within HYADES, the laser intensity is set to ½ of 

the experimental value.  The temporal history of the laser source is matched to the 

FWHM Gaussian laser pulse used in each experiment.   

4.2 Hydrodynamics and Stability 

 The equations of mass, momentum, and energy transport are formulated in a one-

dimensional Lagrangian coordinate system.  In contrast to an Eulerian code where the 

computational mesh is fixed in space, the mesh coordinates move with the material in a 

Lagrangian prescription.  This is the preferred method of solution for modeling 

phenomena that exhibit several orders of magnitude of mass density variation, and 
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material interfaces with different thermodynamic properties.  Furthermore, the 

Lagrangian scheme has the advantage of allowing the user to specify arbitrary mesh 

resolution in regions of steep temperature and density gradients.  Non-relativistic plasma 

flow is assumed for solutions on the computational mesh, implying that the radiation 

energy density is negligible compared to the thermal and kinetic energy densities of the 

particles within the plasma.  Problems may be run in planar slab or pseudo two-

dimensional geometry (cylindrical and spherical) where the one-dimensional radii of 

curvature are set equal to ½ of the experimental focal spot diameter.  In planar geometry, 

the plasma expansion direction is strictly perpendicular to the slab target.  The plasma 

flow is perpendicular to the axis of symmetry in cylindrical geometry.  In spherical 

geometry, plasma transport occurs along the radius of a one-dimensional sphere.   

HYADES operates in the continuum approximation to plasma dynamics with 

interpenetrating fluids of electrons, ions, and photons, each characterized by its own 

temperature.  The electron and ion components are collisionally-coupled to one another 

and each in thermodynamic equilibrium described by Maxwell-Boltzmann statistics.  The 

electron and photon fluids are loosely coupled to one another allowing the exchange of 

energy.  The photon fluid is discussed in the forthcoming sections.  Since the mean free 

paths mfpλ  of an electron, ion, or photon are assumed to be << the plasma gradient scale 

lengths 
e

,e e

e

T n
T n∇ ∇

, all transport phenomena in HYADES are modeled in the diffusion 

approximation.  The hydrodynamic stability criterion is determined by the Courant 

condition which sets the upper bound of the time-step to the time it takes a sound wave to 
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traverse a numerical zone.  In the presence of strong shocks and compression, the viscous 

work change becomes an important stability criterion.  

4.3 Ionization 

 The ionization balance is determined using either a Saha equilibrium model where 

ionization and recombination processes exactly balance one another, or a screened 

hydrogenic average-atom model in which collisional and radiative processes are 

calculated in the steady-state limit [67].  For Saha ionization, a Bohr model of the atom’s 

energy levels is used and an equilibrium distribution of the constituent populations is 

assumed.  It should be noted that HYADES does not compute the partition function in the 

Saha equation but uses the simple approximation of the ground state degeneracy.  In the 

average-atom model, the level energies and populations are determined in a self-

consistent manner [56].  Neither ionization model accounts for radiative ionization or 

excitation processes as this would require an explicit calculation of the radiation field, in 

addition to computed values of local temperature and density.  Values of material 

pressure and specific internal energy (equation of state quantities for both the electron 

and ion populations) tabulated as a function of temperature and density are derived from 

the Los Alamos National Laboratory T4 SESAME tables [71].   

4.4 Electron Transport and Self-Generated Magnetic 

Fields 

Electron conduction carries energy in the laser absorption zone beyond the critical 

surface to heat the higher density plasma.  In HYADES, thermal electrons are modeled 
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by a single Maxwellian distribution and transported in the flux-limited diffusion 

approximation.  The electron heat flux eS  is given by 

e e eS Tκ= − ∇                (20)  

where eκ is Spitzer’s electron heat conductivity [72] 

5/ 2125.85 10 ergs
ln sec cm keV

e
e

T
Z

κ
⎛ ⎞×

= ⎜ ⎟Λ ⎝ ⎠
            (21) 

where eT  is the electron temperature in keV; Z , the ionization state; and lnΛ , the 

Coulomb logarithm.  The electron flux does not exceed the free-streaming limit 

B e
e

e

k Tfn
m

                          (22) 

where the electron flux limiter f is set to the default value of 0.40.   

 While it should be obvious, it is worth stating that spontaneous magnetic field 

generation from e en T∇ × ∇ thermomagnetic phenomena cannot be modeled using a one-

dimensional code.  Therefore, inhibition of classical electron transport due to cyclotron 

motion about magnetic field lines cannot be adequately explored.   

4.5 Radiative Transfer 

 While the spectrum from collisional (inverse bremsstrahlung) absorption is not 

Planckian in nature, HYADES does apportion the absorbed energy according to a 

Planckian.  This is simply because HYADES knows nothing about the shape of the 

electron distribution.  To carry out meaningful computations, it assumes that the absorbed 

laser energy goes into a Maxwellian distribution of electrons that emit equilibrium 

(blackbody) radiation characteristic of the mean electron kinetic energy (temperature).  
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For nanosecond laser-induced plasma, the a priori assumption of Maxwellian electrons is 

reasonable as the collisional timescale is on the order of picoseconds or less.  When 

HYADES transports radiation, it considers the atomic physics of the material, especially 

where the absorption edges lie in the spectrum, and to some extent the discrete line 

transitions.      
Radiative transfer which is the balance between emission, absorption, and 

transport of photons in the radiation fluid is treated in the flux-limited, multi-group 

diffusion approximation where the radiation transport equation is averaged over photon 

energy and velocity angle [73].  In the multi-group transport model, the radiation field is 

discretized in frequency, necessitating the use of frequency dependent opacities.  Such 

opacities account for free-free radiation (bremsstrahlung), bound-free radiation 

(recombination edges), and bound-bound (x-ray line) contributions.  The emission and 

absorption coefficients are strongly dependent not only upon temperature and density, but 

atomic number and ionization state as well.  HYADES generates these coefficients using 

either the Saha or average-atom ionization models.  In the multi-group prescription, the 

spectrum emitted from the target is generally not a pure Planckian, but contains some 

atomic shell (K, L, M, etc.) signatures and coarse x-ray line effects.  

In the limit of a single photon group or gray approximation, the radiation energy 

density is given by Eqn. 11, where again, rT  denotes the temperature at which matter and 

radiation are at equilibrium.  In this limiting case, the diffusive radiant energy flux is 

given by [74] 

rad rS Tκ= − ∇                           (23) 
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where the conduction coefficient radκ is  

316 ergs
3 sec cm keVrad R rl Tκ σ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
            (24) 

where σ  is the Stefan-Boltzmann constant; 1
R

R

l
κ ρ

= , the Rosseland mean free path2; 

Rκ , the Rosseland mean opacity; and ρ , the mass density.  In quasi-steady state 

situations where the ionization time is short compared to the hydrodynamic timescale, the 

absorption and emission coefficients (opacity values) may be imported from an external 

data file.  For a nanosecond laser plasma this condition is met as multi-photon ionization 

occurs at the target surface within a few cycles of the laser’s electric field ( Lν  = 2.8 × 

1014 Hz) [75], and the shortest hydrodynamic timescale f
Hydro

S

D
C

τ = ~ 3 ns for tin plasma 

( fD is the focal spot size ~ 60 µm, eT  = 45 eV, and the average charge state 

( )1/32
3 eZ AT≅ [76] where A  = 50, the atomic number of tin).  HYADES imports 

opacities from the Los Alamos National Laboratory T4 SESAME tables.  In the 

conduction approximation, each coefficient is defined at a specific temperature and 

density but does not contain photon frequency dependence as in the multi-group model.   

4.6 Model Deficiencies 

 Like all numerical simulation tools, HYADES is inherently incomplete and lacks 

particular components which limit its accuracy and range of validity in reproducing 

                                                 
2 The mean free path due to inverse bremsstrahlung absorption averaged over a Planckian distribution of 
photons in a fully ionized plasma [56]. 
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experimental observations.  First and foremost, its one-dimensionality limits the 

capability to model divergent hydrodynamic flow from a small focal spot, long laser 

pulse experimental configuration.  While its pseudo two-dimensional cylindrical and 

spherical geometry options attempt to ameliorate this restriction, they do not facilitate 

specification of the experimentally measured two-dimensional focal irradiation 

distribution on target.  This level of sophistication requires at the very least a two-

dimensional r-z (symmetry about the z-axis) code.  Given these limitations, HYADES 

cannot accurately simulate multidimensional adiabatic cooling, or electron transport in 

directions perpendicular to the incident laser beam.  Efforts made to acquire a two-

dimensional Lagrangian code proved unsuccessful due to prohibitive cost.  

Perhaps the second most important shortcoming of the physics modules within 

HYADES is the quality of the combined ionization-opacity models.  Both the Saha and 

average-atom ionization models artificially impose Maxwell-Boltzmann equilibrium 

conditions upon the plasma while determining the hydrodynamic solution on the 

computational mesh.  For high-Z plasma, the radiative rates of the coronal ions often 

exceed collisional rates, which can drive the plasma away from LTE.  Therefore, pinning 

the population levels at the Boltzmann limit invariably introduces error in the simulated 

radiation energy density and overall energy balance.  Neither the Saha nor average-atom 

ionization models account for dielectronic recombination reactions, which can be 

significant in the low-density corona.  In general, the atomic models for high-Z materials 

like tin are notoriously deficient not only due to the lack of available data, but because of 

the enormous cost of computing the time-dependent collisional-radiative behavior of a 

many electron system.  Hence, the ground state approximation to the partition function in 
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the Saha equation is likely in error for high-Z materials.  Since the ionization models are 

inextricably linked to the transport of radiation, this has implications for the spectrum 

predicted using the combined average-atom and multi-group diffusion models.  Shown in 

Figure 4.1 is the simulated spectral energy plotted as a function of photon energy for tin 

plasma generated with a laser irradiance of 3.8 × 1011 W/cm2 ( LE  ~ 100 mJ, Lτ  ~ 10 ns, 

fD  ~ 60 µm, cylindrical geometry).  Average-atom ionization is enabled in conjunction 

with multi-group radiation transport whereby the emission spectrum is discretized into 

150 frequency groups (maximum resolution) from 1 to 104 eV.  From the figure, it is 

clear that the position of the absorption M-edge at ~ 880 eV is predicted with reasonable 

accuracy by the numerical simulation.  However, its relative magnitude is far in excess of 

realistic values for this low-irradiance plasma.  Moreover, the UTA at 13.5 nm which 

should be a dominant spectral feature is conspicuously absent from the spectrum.  The 

reason for this is that the screened hydrogenic average-atom model used here 

approximates the energy levels of each atom using only the principle quantum number n.  

This is inadequate for high-Z tin plasma where the angular momentum and spin quantum 

numbers create strong term splitting, resulting in numerous, sometimes overlapping 

spectral lines [77].  Adequate treatment of the electron coupling beyond atomic number 

26 (iron) in the periodic table requires thousands of levels and millions of transitions to 

obtain detailed emissivities [78].  While the free-free transitions are handled fairly well 

for high-Z plasma, HYADES’ joint average-atom and multi-group transport treatment 

does a poor job of modeling free-bound and discrete spectral line transitions in heavy 

metal plasma.     
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Figure 4.1: HYADES-simulated tin plasma spectrum generated with a laser irradiance 
LI = 3.8 × 1011 W/cm2.  The spectrum is extracted at the time of peak laser intensity.    
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Chapter 5 

Nanosecond XUV Spectroscopy of Tin 

Ablation Plasma 

 The evolution of laser-produced plasma may be divided into two distinct regimes: 

the initially hot laser irradiation and ionization phase, followed by the cooler 

hydrodynamic relaxation and recombination.  The nascent laser plasma may be further 

subdivided into the low-density, optically thin coronal plasma located above the target 

surface, and the supercritical optically thick region that begins at the ablation front and 

extends toward the cool, unperturbed target.  Since the ablation front is the most densely 

populated region with maximum temperature, it is the most luminous part of the laser-

produced plasma.  Owing to the overwhelming inner-shell opacity at lower photon 

energies, however, useful information about the ablation plasma can only be obtained 

from XUV and soft x-ray spectroscopy [79].  In this chapter, we discuss the spectroscopic 

measurements of XUV emission generated at the electron and radiation ablation fronts 

from a moderate intensity (1011 W/cm2  < LI  ≤  1012 W/cm2) laser-produced tin plasma.  

As prescribed in Sec. 3.5.2, time-resolved, spatially-integrated spectra are deconvolved to 
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yield a conversion efficiency and equivalent plasma radiation temperature.  To advance 

our understanding of the underlying radiation transport physics, we carry out numerical 

simulations using HYADES.  We verify the consistency of the experimental and 

numerical results by performing an in-depth analysis of each and a mutual comparison.   

5.1 Experimental Parameters 

 Experiments are conducted at two moderate laser intensities (summarized in 

Table 5.1) to investigate the scaling of radiated power and radiation temperature with 

focused laser energy.  The lower irradiance LI 3
 = 4.1 ± 0.3 × 1011 W/cm2, henceforth 

referred to as the base, standard, or low-irradiance experiment, is generated by focusing a 

95 mJ, 9 ns FWHM laser pulse to a 21 e focal spot diameter of  57 ± 1 µm.  The high-

irradiance case, LI  = 1.2 ± 0.1 × 1012 W/cm2 is generated with a 230 mJ, 7.5 ns FWHM 

laser pulse under identical focusing conditions.  In this set of experiments, focusing of the 

laser beam is achieved with an f = 31.5 cm antireflection coated, plano-convex lens.  

Figure 5.1 represents a digitized image of the Gaussian focal spot diameter.   

5.2 Experimental Radiation Power 

 Time-resolved measurements of XUV emission intensity transmitted through 

various filters on the two-channel photodiode spectrometer are used to determine the 

radiated plasma power, and ultimately the characteristic spectrum.  Shown in Figures 5.2 

 

                                                 
3 Laser irradiance values are calculated by averaging the laser pulse energy over the Gaussian FWHM 
temporal profile and Gaussian 21 e spatial focal spot distribution.  
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Table 5.1: Summary of incident laser and focal parameters for the low and high-
irradiance experiments. 

LI  (W/cm2) LE  (mJ) Lτ (ns) fD (µm)

4.1 ± 0.3 × 1011 95 ± 3 9 57 ± 1 

1.2 ± 0.1 × 1012 230 ± 7 7.5 57 ± 1 

 

 

 

 

Figure 5.1: Digitized false-color image of 57 ± 1 µm 21 e Gaussian focal spot diameter.    
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and 5.3 is the variation of radiated power with time for both the base and high laser 

intensity cases, respectively.  Channel 1 (broadband: 17  λ   80 nm) and channel 2 

(narrowband: 10  λ   19 nm) contributions are plotted alongside the input laser power 

to illustrate their relative amplitudes and temporal histories.  As shown in Sec. 5.4, the 

variation of power with time is interpreted as the temporal development of the electron 

temperature during the laser pulse.  For both intensity cases, the more energetic photon 

band dominates the radiative losses with an output power of more than 1 MW, and the 

FWHM duration of the power detected in channel 1 exceeds that of channel 2 by a few 

nanoseconds.  This behavior is indicative of the energy partitioning and cooling 

mechanisms within the radiating plasma.  Once most of the laser energy has been 

absorbed by the peak of the pulse, it is predominantly apportioned via collisional-

ionization processes to the high-energy, short-lived side of the spectrum and then exhibits 

a temporal cascade to longer wavelength, less energetic emission.  This energy cascade 

also explains the slightly faster rise time, and thus earlier peak arrival observed for 

radiation detected in the harder region of the spectrum.  In the base case, the temporal 

profile of radiated power detected in channel 2 essentially follows the laser pulse within 

the uncertainty of the experimental time resolution.  This indicates that the production of 

XUV photons within the ablation zone occurs nearly simultaneously with the incident 

laser pulse, and that the plasma optical depth does not delay the emission between 10 and 

19 nm.  Moreover, it is consistent with the previous arguments regarding the evolution of 

the spectral energetics.  However, when the laser energy increases by nearly a factor of 

2.5 in the high-intensity experiment the temporal delay of the narrowband channel  



  89  

 

 

 

 

 

 

 

Figure 5.2: Time-resolved radiated plasma power from low-irradiance experiment plotted 
alongside input laser power.   
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Figure 5.3: Time-resolved radiated plasma power from high-irradiance experiment 
plotted alongside input laser power.   
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relative to the laser exceeds 3 ns, demonstrating the presence of radiative transport 

processes in optically thicker plasma.  For both cases, the rise time of the plasma power 

detected in each channel is shorter than the fall time, owing to the longer timescale 

associated with the cooling and relaxation processes.  Once the laser switches off, plasma 

cooling is driven by a superposition of both radiative and hydrodynamic losses.  The 

most striking feature in Figures 5.2 and 5.3 is the magnitude of the radiated power 

detected in both channels.  To illustrate the significance of this, we plot in Figure 5.4 the 

theoretical spectrally integrated radiation power as a function of plasma temperature for 

both bremsstrahlung and Planckian (blackbody) radiators.  The Planck power is 

calculated from Eqn. 9 where the 57 µm focal spot size is taken as the area of the 

radiating plasma, and the plasma temperature represents an equilibrium temperature 

between matter and radiation.  Bremsstrahlung power based on the free electron 

temperature is calculated from Eqn. 10, which is predicated on the assumptions discussed 

in Sec. 2.1.  The only electron density dependence in Eqn. 10 appears in the laser light- 

plasma frequency resonance term under the square root, where a value of ½ the critical 

density is used [25].  The gaunt factor is taken as unity and the Coulomb logarithm made 

consistent with the expected peak temperature range for these experiments.  As shown in 

the forthcoming sections, radiation-hydrodynamics simulations of laser-produced tin 

plasma generated under the experimental conditions outlined for the base case predict a 

peak ablation front temperature of ~ 35 eV.  From Figure 5.4, the corresponding 

integrated power level for a bremsstrahlung and blackbody radiator is 1.5 kW and 3.9 

MW, respectively.  The total experimentally measured power (sum over both channels) 

from Figure 5.2 is 2.2 MW, suggesting that the early-time emission spectrum from  
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Figure 5.4: Theoretical radiation power plotted as a function of plasma temperature for 
both bremsstrahlung and Planckian radiators.   
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laser-produced tin plasma is Planckian in nature.      

5.3 Justification for Planck Spectrum 

 Before proceeding, we further validate the adoption of a Planckian spectral form 

which is used for the remainder of our analysis.  Our objective is to extend the qualitative 

model of Gupta, et al. [29], and develop a self-consistent physical picture of the plasma 

radiation mechanisms using detailed numerical modeling and analytical arguments.   

5.3.1 Theoretical Model 

 We refer the reader back to Figure 1.1, which is a qualitative spatial profile of the 

fundamental plasma parameters involved in nanosecond laser ablation of a solid target.  

The interaction of a tightly focused, nanosecond duration laser pulse with solid density 

matter presents a complex, dynamic interplay involving laser energy absorption, 

thermodynamics, atomic physics, radiation transport, and hydrodynamics.  From the 

onset of laser irradiation, a low-density, high-temperature plasma layer forms above the 

target surface.  In the moderate laser intensity regime to which we have confined our 

investigation, laser energy absorption occurs up to the critical density primarily through 

inverse bremsstrahlung.  Depending upon the material’s atomic composition, the ionizing 

plasma re-radiates K-, L-, M-, N-, or O-shell emission and bremsstrahlung both toward 

vacuum and the solid target.  Since this radiation represents a significant fraction of the 

incident laser light, the hot rarefied coronal plasma has been termed the conversion layer 

[80].  During laser irradiation, temperatures in the corona continue to rise because its 

progressively decreasing mass (due to expansion) is not effective in thermally cooling it 

compared to the rapid laser heating.  Therefore, energy transport in the optically thin 
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corona occurs via electron heat conduction ( mfpλ  ~ 2
eT ) down the steep temperature 

gradient toward the cold, dense target surface where radiation processes are more 

efficient [29].  The higher coronal temperature renders inverse bremsstrahlung less 

effective in depositing energy (Eqn. 2), and ultimately shifts the absorption and re-

radiation to higher density in the vicinity of the critical surface.  This may be regarded as 

a laser ionization or burn wave that penetrates to successive plasma layers until elevated 

temperatures bring about transparency at the given laser frequency. 

The coronal radiation that is emitted backward into the overdense plasma 

encounters a much larger optical depth (τ  >> 1) and is strongly absorbed via 

photoionization and photoexcitation of valence and inner-orbit electrons [81].  The 

energy transported by electrons combined with this radiation generates a collisionally-

coupled, optically thick region of increased temperature and ionization state.  Since the 

photon mean free paths here are on the order of the density gradient scale length, matter 

and radiation are considered to be in complete thermodynamic equilibrium [29].  This 

dense region termed the reemission zone [80], reradiates a fraction of its energy in the 

soft x-ray and XUV part of the spectrum as Planck radiation [82].  At low photon 

energies ( hν  < 300 eV), supercritical plasma between the absorption and ablation fronts 

( critn  < en  < 10 critn ) is the dominant source of soft x-ray and XUV emission, creating 

blackbody conditions with temperature in the range of 20 eV < rT  < 200 eV [81].  

Additional laser heating undergoes enhanced absorption since the emissivity is saturated 

at the blackbody limit.  In the reemission zone, the principal mode of energy transport is 

radiative transfer, or continuous absorption and reemission of energetic photons as the 
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energy supplied by the conversion layer diffuses toward the cold, overdense plasma.  

Radiation transport is an ever-important process in high-Z plasma as its complex 

electronic structure produces large absorption and emission cross sections [81, 83].  The 

difference between the radiant energy received from the conversion layer, and that lost to 

blackbody radiation from the reemission zone goes into the internal and kinetic energy of 

the material.  Physically, the reemission zone is an optically thick ablative heat wave that 

excites and ionizes material in the conduction zone through radiation heat conduction 

[84].  This free energy combined with the steep temperature, density, and velocity 

gradients within the conduction zone generates a huge thermal or ablation pressure, 

causing an explosive hydrodynamic expansion of material toward vacuum.  Through the 

conservation of momentum, the rocket-like expulsion of material from the ablation front 

drives a shock wave into the undisturbed target.  For planar, semi-infinite targets this has 

the minor effect of slightly raising the temperature and density at the very edge of the 

cold target. 

Several hundred picoseconds after the laser impinges upon the target, a steady-

state situation is established where laser irradiation is balanced by the continued ablation 

of new material and radiative losses.  While there is no explicit density dependence in 

Planckian radiation (Eqn. 4), the density must be high enough to sustain sufficient 

continuum opacity for optically thick blackbody radiation conditions.  Since ablative flow 

constitutes a loss of material and hence reduced particle density, hydrodynamic 

expansion eventually disassembles the reemission zone once the laser switches off.  

Consequently the emission spectrum begins to deviate from a Planckian and exhibits 



  96  

 

discrete spectral line radiation, representative of the thermodynamic cooling of the 

plasma.     

5.3.2 Numerical Analysis 

 In this section we present numerical validation of the theoretical statements made 

in the previous section.  Plasma is modeled in the fluid approximation where the electron 

and ion components are each in thermodynamic equilibrium and obey Boltzmann 

statistics.  The ionization balance is determined using a Saha model in which the 

ionization and recombination processes exactly balance one another.  Radiative transfer is 

treated in the flux-limited gray diffusion approximation using tabular Rosseland and 

Planck mean opacities.  Equation of state quantities are derived from the Los Alamos 

National Laboratory T4 SESAME tables [71].  HYADES is operated in cylindrical 

geometry (see chapter 6 for justification) in which the initial computational shell radius is 

set equal to ½ of the experimentally measured focal spot diameter, the characteristic 

plasma size at the ablation threshold.  The temporal history of the laser source is matched 

to the FWHM Gaussian laser pulse measured for each experiment.  Using HYADES, the 

analysis is performed for both laser intensities but we focus on the base case and draw 

only on results from the high-irradiance simulation to support our conclusions.   

Qualitative Spatial Features of Lagrangian Target Zones at Laser Pulse Maximum 

From numerical simulations, we find that the plasma comprises three distinct 

regions characterized by low, medium, and high-temperature corresponding with high, 

medium, and low electron density.  A careful examination of the temperature and density 

(in the standard run) plotted as a function of target zone as in Figures 5.5 and 5.6, 

respectively, facilitates the differentiation of these regions.  The data for these figures and 
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all other time-independent plots in this section are extracted from the model at the time of 

laser pulse maximum.  Also, the laser is always incident from the right-hand side.  From 

Figure 5.5 we identify the formation of the hot coronal plasma where the laser energy is 

absorbed in the last 9 – 10 zones nearest to the laser.  Clearly, the electron temperature is 

the highest there, corresponding to a minimum in electron density as shown in Figure 5.6.  

Radiation from the optically thin conversion layer represents the source flux in the 

creation of the reemission zone.  The electron temperature is significantly higher than that 

of the radiation field at the very extreme of the target, but the two eventually converge in 

the progressively denser plasma of the reemission zone.  Further inside the target moving 

from right to left, the electron temperature decreases and eventually reaches its minimum 

in the same zone in which the density spikes.  For ~e critn n , electron heat conduction 

becomes the dominant mode of energy transport as evidenced by Figure 5.7, which 

shows the numerical mesh laser intensity plotted as a function of target zone.  

Comparison of Figures 5.5 and 5.7 clearly demonstrates the importance of electron 

transport in the ablation process as heating from direct laser irradiation (inverse 

bremsstrahlung) is limited to the last 9 – 10 target zones.  Beyond this point the 

temperature and density increase very slowly due to the penetration of a radiative heat 

wave generated behind the critical surface.  As shown in the forthcoming sections, the 

electron density in this region establishes the conditions for optically thick radiation 

transport.  At the very left edge of the target, the temperature and density exhibit a  

noticeable increase due to the shock wave that has traversed the length of the target.  

However, the semi-infinite nature of the target prevents a steep rise in its temperature, 

rendering the rear side a negligible source of soft x-rays.   
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Figure 5.5: Lagrangian zone distribution of temperature from the standard HYADES run 
plotted at laser pulse maximum.  Laser is incident from right.  ( eT  is the electron 
temperature and rT , the radiation temperature) 
 

 

 



  99  

 

 

 

 

 

 

 

Figure 5.6: Lagrangian zone distribution of electron density from the standard HYADES 
run plotted at laser pulse maximum.  Laser is incident from right.   
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Figure 5.7: Lagrangian zone distribution of laser intensity incident on computational 
mesh from the standard HYADES run plotted at laser pulse maximum.  Laser is incident 
from right.    
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Time-Dependent Behavior of Laser-Plasma Properties 

 Figure 5.8 illustrates the time-varying trajectories of the Lagrange zone center of 

mass coordinates calculated in the standard run.  The spatial separation between the 

conversion layer and reemission zone is a consequence of the different expansion 

velocities obtained in each region; the rapid coronal plasma expansion is followed by 

slower reemission zone plasma.  That this is a result of the fundamental time-dependent 

properties of the plasma can be seen from Figures 5.9, 5.11, and 5.12.  For single species 

plasma the primary mechanism that drives the rate of expansion is the electron 

temperature, which is plotted in Figure 5.9 as a function of time.  The peak electron 

temperature in the corona is more than a factor of 6 greater than it is in the reemission 

zone, and the overall Lagrangian zone structure follows that of Figure 5.8.  The outer 

most zones of the conversion layer correspond to the highest temperatures as they are 

nearest to the most intense laser irradiation (see Figure 5.7).  This behavior is in contrast 

to what is observed for the radiation temperature as we shall illustrate later.  The particle 

pressure associated with the ablation of matter from the solid target reaches its maximum 

value of ~ 500,000 atm in the reemission zone, but is only ~ 1 45 of this in the low-

density corona.  Compared to the laser light pressure of ~ 135 atm calculated at peak 

laser intensity, it is clear that hydrodynamic as opposed to ponderomotive pressure is 

responsible for plasma evolution.   

As an illustration of the corona and reemission zone scaling with laser intensity, 

we plot the electron temperature versus time in Figure 5.10 for the high-irradiance  
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Figure 5.8: Temporal evolution of Lagrangian zone coordinates from the standard 
HYADES run.   
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Figure 5.9: Time-varying electron temperature from the standard HYADES run.   
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Figure 5.10: Time-varying electron temperature from the high-irradiance HYADES run.         
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calculation.  While the distribution of Lagrangian zones is quite similar to that observed 

in Figure 5.9, the temperatures are appreciably higher.  The factor of ~ 3 increase in laser 

irradiance (~ 2.5× pulse energy) results in a 65% increase in peak conversion layer 

temperature.  This less than one-to-one scaling of temperature is likely due to the energy 

spent exciting higher ionization states in the corona.  The variation of reemission zone 

temperature with laser intensity is about a factor of 2 slower than for the conversion 

layer, indicative of the alternate modes of energy dissipation in the optically thick 

plasma.   

The time evolution of the average ionization state, shown in Figure 5.11, exhibits 

the same partition between the conversion layer and reemission zone observed in Figures 

5.8 and 5.9.  The incident laser energy, which is initially absorbed in the low-density 

blow-off plasma manifests itself in extremely high ionization states.  While these 

simulations pin the ion level populations at the Boltzmann limit, a comprehensive 

treatment of the atomic physics in the corona would likely reveal non-LTE behavior, and 

thus alter the ion distribution.  Beyond the critical surface into the reemission zone where 

collisions dominate the rate equations, the average ionization shown in Figure 5.11 is 

expected to be an accurate representation of the real ion charge state.   

As it should, the HYADES-calculated time-dependent ion temperature shown in 

Figure 5.12 displays a similar distribution of Lagrangian zones as seen in Figures 5.8, 

5.9, and 5.11.  While the peak ion temperature in the corona is significantly less than the 

electron counterpart, iT  in the reemission zone is nearly identical to eT , indicative of the 

thermalization that occurs in the denser, collisional plasma.  The condition that matter 

comprising electrons and ions is in equilibrium is an extension of the four necessary  
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Figure 5.11: Time-dependent average ionization state from the standard HYADES run.  
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Figure 5.12: Time-varying ion temperature from the standard HYADES run.   
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criteria for complete thermodynamic equilibrium presented in Sec. 3.6.2.  The other 

constraints on the electron and ion constituents, namely, that free electrons are 

Maxwellian, bound electrons are distributed according to Boltzmann statistics, and free 

particle densities obey the Saha equation are satisfied by HYADES (see chapter 4).  The 

last requirement that the emission spectrum must be Planckian (implying equilibrium 

between radiation and matter) is later shown to be valid only in the reemission zone.  

Toward achieving this goal, we plot the time history of the radiation mean free path in 

Figure 5.13. In accordance with the theoretical arguments made in Sec. 5.3.1, the 

thermodynamic divergence between the conversion layer and reemission zone results in 

completely different radiation environments for energy dissipated in radiant form.  Owing 

to their large mean free paths, energetic photons born in the corona are free to propagate 

either toward the high-density target region or vacuum.  Those that pass through the 

optically thin corona are absorbed in cooler, highly collisional plasma, and the 

redistribution of energy at longer wavelengths via radiative transport promotes radiation 

trapping.  This is in essence a frequency down-conversion of the incident soft x-rays from 

the conversion layer [81] which transforms a volume emitter into a surface emitter at the 

ablation front.  The short mean free paths of the reemitted XUV photons facilitate their 

capture and thermalization with the denser, low-temperature matter just behind the 

critical surface.  Therefore, a diagnosis of their emission spectrum is sufficient to 

characterize the surface temperature of the optically thick ablation front.   

Spatial Dependence of Plasma Properties at Laser Pulse Maximum 

For a more quantitative treatment of the plasma’s optical depth, we plot the spatial 

dependence of the radiation mean free path alongside the electron density at pulse  
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Figure 5.13: Temporal evolution of radiation mean free path from the standard HYADES 
run.   
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maximum in Figures 5.14 and 5.15 for the low and high-irradiance runs, respectively.  

Analysis of the relative magnitudes of mfpλ  and the density gradient scale length e en n∇  

in the reemission zone supports previous arguments of optically thick radiation 

conditions.  Examining Figure 5.14, we find that between the critical surface and the 

electron ablation front ( en  ~ 9 critn ), mfpλ decreases from 100 to 5 µm.  The density 

gradient scale length in this region varies from a maximum value of 50 µm at the critical 

surface to 4 µm at the ablation surface.  In the inner reemission zone ( en > 2 critn ), these 

simulations show that mfpλ   ~ e en n∇ .  Moreover, both scale lengths are significantly 

less than the experimentally measured focal spot size.  For en   5 critn , the mean free path 

and gradient scale length are compressed to sizes on the order of several laser 

wavelengths.  These conditions in which the radiation is strongly coupled to ionized 

matter meet the criteria for fully thermal plasma, and thereby substantiate our assumption 

of a Planckian radiator.  The same conclusions may be drawn about the scale lengths 

extracted from simulations of the high-irradiance experiment plotted in Figure 5.15.  The 

primary difference between the two plots is the spatial location of the critical surface 

since the electron ablation fronts are at nearly the same position.  The critical surface in 

the high-irradiance code run lies ~ 20 µm to the right of that observed in the standard run.  

The more fully developed reemission zone is a consequence of the larger laser energy 

deposition at the absorption front, manifesting itself in higher coronal/reemission zone 

temperature (see Figure 5.10), higher average ionization state (see Figure 5.16), and 

therefore an increased amount of ablated matter.  Experimental studies have shown [85]  
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Figure 5.14: Spatial distribution of electron density (left-hand ordinate) and radiation 
mean free path (right-hand ordinate) from the standard HYADES run at laser pulse 
maximum.  Laser is incident from right.   
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Figure 5.15: Spatial distribution of electron density (left-hand ordinate) and radiation 
mean free path (right-hand ordinate) from the high-irradiance HYADES run at laser pulse 
maximum.  Laser is incident from right.   
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Figure 5.16: Time-dependent average ionization state from the high-irradiance HYADES 
run.  
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that the mass ablation rate increases at higher laser irradiance.  This, coupled with the 

weak square root dependence of expansion velocity on electron temperature dictates the 

larger, more densely populated reemission zone.   

To augment the code’s one frequency group approximation to radiation transport 

and provide an independent confirmation of these results, we estimate the mean free path 

in plasma emitting Planck radiation by calculating the high-frequency inverse 

bremsstrahlung absorption length as a function of surface temperature.  Based on Eqn. 2, 

this calculation is made for three electron densities ( critn , 5 critn , 10 critn ) under the 

assumption of quasi-neutrality ( ~e in Zn ) with the temperature dependent ionization 

scaling given by Colombant, et al. [76].  In lieu of the laser frequency ν , we substitute 

the photon frequency associated with the peak in the Planck function, max 2.82 B eh k Tν =   

[43].  Therefore, -1
IBκ denotes the mean free path of a photon of frequency maxν  in plasma 

of temperature eT  and density en .  This procedure facilitates the investigation of plasma 

opacity for higher energy Planckian photons originating in the reemission zone of the 

1.06 µm laser-target interaction.  The spectrum may be considered Planckian at those 

photon frequencies (electron temperatures) for which the absorption length (~ mfpλ ) is on 

the order of or less than the ~ 60 µm focal spot size [86].  From Figure 5.17 we find that 

between 5 critn  and 10 critn  and up to ~ 50 eV electron temperature, the plasma sustains 

optically thick conditions via re-absorption ( mfpλ  < fD ) of sub-keV photons.  This is a 

conservative estimate since the calculation does not consider the effect of large density 

gradients, which can enhance radiation trapping.  Nonetheless, it does provide a 
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Figure 5.17: Temperature dependence of absorption length in plasma emitting blackbody 
radiation.   
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reasonable amount of spectral resolution regarding the photon energy range over which 

blackbody conditions may be assumed.  The 5 – 50 eV plasma temperature interval 

corresponds to Planck distributions whose maxima lie between ~ 9 and 90 nm in 

wavelength space, indicating that the filtering scheme of the XUV spectrometer is 

sufficient to capture a majority of the XUV photons.   

 As additional confirmation of radiation-dominated, optically thick plasma 

conditions, we plot the spatial profiles of electron, ion, and radiation temperature as well 

as electron density at pulse maximum for the standard run in Figure 5.18.  Several 

hundred microns from the target surface (bulk plasma) the electron, ion, and radiation 

temperatures diverge in the corona.  While HYADES imposes LTE there, matter and 

radiation are clearly not in equilibrium as each component is characterized by a unique 

temperature.  The relatively flat rT  and iT  profiles, as well as lack of electron temperature 

decay observed for distances > 1 mm in the corona are all a consequence of the one-

dimensionality of the code; a two-dimensional axis-symmetric simulation would account 

for the true nature of the adiabatic cooling in the blow-off plasma.  The fractional 

partitioning of laser energy among particles and photons in this long scale length, 

unconstrained plasma is essentially what distinguishes the conversion layer from the 

reemission zone.  From the figure as well as Eqns. 20 and 23, we confirm the principal 

channels of energy transport discussed in the theoretical model.  During laser irradiation, 

the absorbed energy is efficiently transported down the electron temperature gradient 

toward the solid density target via diffusive conduction of heat by Maxwellian electrons.  

In contrast, the radiation is nearly isothermal in the optically thin corona, and therefore 

contributes negligibly (Eqn. 23) to energy transport there.  At a distance of ~ 210 µm 
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Figure 5.18: Spatial distribution of electron ( eT ), ion ( iT ), and radiation ( rT ) temperatures 
(right-hand ordinate) plotted alongside electron density (left-hand ordinate) from the 
standard HYADES run at laser pulse maximum.  Reemission zone begins where all three 
temperatures converge, but radiative flux is maximum at position of peak rT∇  indicated 
by arrow.  Laser is incident from right.    
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from the target surface where the density is ~ 1/6 critn , collisional-radiative processes 

within the plasma begin to constrain and couple matter and radiation together as 

evidenced by the spatial convergence of their temperatures.  From Eqns. 21 and 24 for 

the thermal electron and radiative conductivity, respectively, we estimate the relative 

contribution of each at ~ 20 µm from the target where the density in the reemission zone 

has risen to 2 critn .  Using temperature, ionization state, and mean free path values from 

the previous figures, we find that the thermal radiation flux is more than three orders of 

magnitude greater than the electron flux in this optically thick region.  These numerical 

results clearly demonstrate the dominance of radiation over other transport processes.  

Further evidence of increased collisionality and hence thermalization in the reemission 

zone may be inferred from Figure 5.19, which is a plot of average ionization state and 

electron density as a function of position at laser pulse maximum.  The suppressed 

average ionization state at higher plasma density is in agreement with Zel’dovich’s theory 

on many-body interactions, which states that the rate of three-body recombination 

3

9/ 2
e e

e

dn n
dt T

∝  [74].  The cool, dense reemission zone plasma is conducive to rapid 

temperature equilibration of particles, and when mfpλ ~ e en n∇ , thermalization of the 

radiation field as well.  Therefore, the expectation of a Planckian spectrum in the 

progressively denser, radiation transport dominated reemission zone near the target 

surface is quite reasonable.  Radiation diffusion (Eqn. 23) in the target reaches its 

maximum at a distance of ~ 24 µm as shown in the plot of rT∇  versus zone coordinate in 

Figure 5.20.  The maximum value essentially marks the position of the  
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Figure 5.19: Spatial distribution of electron density (left-hand ordinate) and average 
ionization state barZ  (right-hand ordinate) from the standard HYADES run at laser pulse 
maximum.  Laser is incident from right.   
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Figure 5.20: Gradient of radiation temperature versus Lagrangian zone coordinate from 
the standard HYADES run at laser pulse maximum.  Laser is incident from right.   
 

 

 

 



  121  

 

radiation ablation front as it has outpaced electron ablation into the overdense tin.  At this 

position rT∇  is more than four times that at the target surface, indicative of the 

penetration of an ablative heat wave away from the laser toward high-density matter.  In 

this region the radiation mean free path and density gradient scale length (see Figure 

5.14) are on the order of a laser wavelength, serving as further evidence in support of the 

assumed optically thick blackbody radiation conditions.   

To conclude this section’s discussion, we briefly analyze the reemission zone 

characteristics of the high-irradiance simulation.  From Figure 5.21, the position of 

convergence of matter and radiation temperatures is ~ 50 µm farther away from that 

associated with the standard run.  Since this point occurs at nearly the same electron 

density for both intensities, this is simply a consequence of the higher temperature and 

ionization state associated with the more intense laser pulse as previously discussed.  The 

greater laser pulse energy in this case manifests itself in a steeper radiation ablation front 

as shown in the plot of Tr∇  versus zone coordinate in Figure 5.22.  Not only is the peak 

in the radiation temperature gradient 50% higher than that observed in the standard run, 

but it lies farther inside the initial target radius.  These findings point to a greater mass 

ablation rate from the penetration of a more energetic radiation diffusion wave.  

Comparing the mass densities at which Tr∇  peaks for both intensities, we find that in the 

high-irradiance calculation the radiation ablation front reaches overdense undisturbed 

target regions (ρ > ρtin), but penetrates only up to the ρtin/3 surface in the standard run.        

5.4 Radiation Temperature and Energy Conversion 

 The radiation emitted during laser irradiation constitutes a significant energy loss  
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Figure 5.21: Spatial distribution of electron ( eT ), ion ( iT ), and radiation ( rT ) temperatures 
(right-hand ordinate) plotted alongside electron density (left-hand ordinate) from the 
high-irradiance HYADES run at laser pulse maximum.  Reemission zone begins where 
all three temperatures converge, but radiative flux is maximum at position of peak rT∇  
indicated by arrow.  Laser is incident from right.    
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Figure 5.22: Gradient of radiation temperature versus Lagrangian zone coordinate from 
the high-irradiance HYADES run at laser pulse maximum.  Laser is incident from right.   
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mechanism in the evolving plasma.  In this section we explore the relationship between 

the incident laser energy and the resulting spectrally-integrated continuum radiation 

measured in the wavelength ranges 10  λ   19 nm and 17  λ   80 nm.  Interpretation 

of these data yields the temporally-resolved radiation temperature and conversion 

efficiency for both laser intensities.  Where possible, comparisons with predictions from 

radiation-hydrodynamics simulations are made to provide a more complete understanding 

of the underlying physics.   

5.4.1 Temperature Evolution 

 Analysis of the time-resolved, spatially-integrated radiated power shown in 

Figures 5.2 and 5.3 yields the temporal evolution of the plasma radiation temperature 

during laser heating.  As discussed in Sec. 5.3, this temperature characterizes the 

radiation field in the immediate vicinity of the optically thick ablation front, and 

represents an equilibrium between the energy imparted by the conversion layer and that 

lost through radiative diffusion.  The diffusive transport of radiative energy toward cool, 

dense target layers raises material internal energy through heating and ionization, which 

is subsequently converted to Planck radiation and hydrodynamic expansion due to a 

growing ablation pressure.   

 Plotted in Figures 5.23 and 5.24, respectively, is the temporal history of the 

plasma radiation temperature measured in the low and high laser irradiance experiments.  

The experimental errors shown as dashed lines arise predominantly from uncertainties in 

the XRD filter thicknesses, which ultimately influence the spectral deconvolution 

process.  For the low-irradiance case, the experimental results show that for the first ~ 20  
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Figure 5.23: Time-dependent radiation temperature profile measured in the low-
irradiance experiment.  Dashed line represents experimental uncertainty in XRD filter 
transmission coefficients.  
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Figure 5.24: Time-dependent radiation temperature profile measured in the high-
irradiance experiment.  Dashed line represents experimental uncertainty in XRD filter 
transmission coefficients.  
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ns, the temperature profile closely follows the Gaussian shape of the incident laser pulse, 

and exhibits a peak value of ~ 30 eV.  At much higher laser intensities ( LI = 1014 – 1016 

W/cm2), Rockett, et al. measured XUV emission from laser-irradiated gold targets with 

Planckian color temperatures ranging from 66 to 134 eV [87].  At later times after pulse 

maximum is reached, cooling through radiative transport broadens the temperature 

profile relative to the laser.  When the laser intensity increases by a factor of ~ 3, the 

radiation temperature increases by more than 25%, and exhibits a significant departure 

from the Gaussian heating pulse as illustrated in Figure 5.24.  In light of the numerical 

simulations presented in the previous section, this change in the temporal behavior likely 

sources from a deeper penetration of the ablative heat wave, resulting in optically thicker 

plasma, stronger variation of opacity, and thus extended cooling time.  As illustrated in 

Figure 5.25, the maximum in the Planckian radiation spectrum from higher irradiance 

plasma is displaced toward shorter wavelengths (presuming radiation temperature scales 

with irradiance [70]).  The cascade of photon energy from the narrowband to broadband 

spectral window of channel 1 also contributes to the observed temporal broadening.  In 

both intensity cases, the temperature decays to the < 5 eV level in less than 35 ns, which 

we believe is an important validation of our data.  Through a combination of optical 

emission spectroscopy of the late-time plume dynamics (see chapter 6) and numerical 

simulations, we show that this rapid cooling is consistent with an adiabatic expansion.   

Comparison with Simulation 

 The corresponding numerical predictions of the temporally evolving radiation 

temperature are shown in Figures 5.26 and 5.27.  Before discussing comparisons with the 
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Figure 5.25: Planck spectral intensity plotted for various radiation temperatures up to 
long wavelength cutoff of aluminum filtered XRD.   
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data, we note an interesting unique feature of the simulated radiation temperature 

profiles.  In Figures 5.26 and 5.27 the radiation temperature of the outer most Lagrangian 

zones (facing the laser) is the coolest, and exhibits a progressive rise for interior zones 

until maximum rT  is reached.  This is in opposition to the electron temperature behavior 

seen in both the corona and reemission zone (see Figures 5.9 and 5.10) where the highest 

temperatures are confined to the Lagrangian zones nearest to the laser.  This underscores 

the difference between electron and radiative transport processes, and the importance of 

the radiation heat wave in the ablation of matter.  

 The maximum HYADES-calculated radiation temperatures for the standard and 

high-intensity runs exceed experimental values by 17 and 20%, respectively.  While we 

do not expect absolute agreement with experimental data given the numerous 

approximations made within the code, it is important to understand why they differ.  At 

the moderate laser intensities used in these experiments, the primary reason for the 

observed differences in peak temperature between experiment and model is attributed to 

the one-dimensionality of the code.  HYADES does not consider the multidimensional 

adiabatic cooling of the rapidly expanding corona; this depletes the reemission zone of a 

fraction of its input energy and thus reduces its equilibrium temperature.   

Another cooling mechanism, also unaccounted for by the code’s restricted 

dimensionality and likely responsible for the temperature difference is lateral electron 

conduction across the face of the target.  During the laser pulse, thermal conduction 

sustains nearly isothermal conditions at the target surface through high electron mobility 

( th SV  >> C ), compensating the radiative and expansive cooling.  This phenomenon is 

responsible for lateral and longitudinal energy leakage across the focal spot periphery in 
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Figure 5.26: Time-dependent radiation temperature profile from the standard HYADES 
run.  Each contour represents an individual Lagrangian zone.   
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Figure 5.27: Time-dependent radiation temperature profile from the high-irradiance 
HYADES run.  Each contour represents an individual Lagrangian zone.   
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small focal spot diameter, long laser pulse experiments [88].  This energy is preferentially 

absorbed by the cooler neighboring material rather than the existing high-temperature 

core plasma (Eqn. 2).  From classical Spitzer diffusion theory we estimate the electron 

diffusion length .  The one-dimensional equation for the diffusion of heat is [72] 

2

2
e e

v
T TC
t r

η∂ ∂
=

∂ ∂
                         (25) 

where eT  is electron temperature; t , the time; r , the spatial dimension of electron 

conduction; and vC the volumetric specific heat given by 

26
3

J2( ) ×10
cm eVv e iC n n − ⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

                                            (26)                         

where ,e in  is the constituent particle number density.  The classical conductivity is given 

by 
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                                                                                   (27) 

where Z  is the ionization state, and lnΛ  the Coulomb logarithm.  Using these equations, 

it can be shown that the characteristic distance  that heat (electrons) diffuse in time t  is 
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                      (28) 

where  is in cm; eT , in eV; t , in seconds; and particle densities in cm-3.   We estimate 

the diffusion length by assuming that peak radiation temperatures shown in Figures 5.23 

and 5.24 occur at the critical depth.  Ionization state scaling is given by Colombant, et al.  

[76] and Coulomb logarithms consistent with the temperature, density, and charge state 

are used  [89].  For the t  ~ 25 ns duration laser pulse (Gaussian feet taken at 5% peak 
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value), the mean length over which electrons diffuse across the focal spot is ~ 30 µm.  

While this is only an estimate since the temperature is a time-varying quantity, it does 

illuminate the importance of this process.  This relatively large diffusion length alters the 

irradiation distribution from the measured geometrical focal spot dimension, and 

effectively reduces the laser irradiance on target.  In the worst case scenario the electrons 

at the very periphery of the focal spot radially conduct the entire 30 µm toward colder 

material, and reduce the intensity to ¼ of the optically measured value.  Therefore, the 

electron temperature, density, ion velocity, and radiation field are all characteristic of this 

reduced laser intensity plasma.  Since HYADES is a one-dimensional code, it uses 

uniform plane wave laser irradiation and cannot account for this lateral/longitudinal 

electron transport across the face of the target.  Consequently, simulated temperatures and 

densities are expected to be higher than those measured experimentally.  Furthermore, 

since our deconvolution procedure neglects this surface diffusion phenomenon by 

assuming a time-invariant focal spot size, the experimental radiation temperature is likely 

a bit high.  However, without XUV images of the radiation area on target or more 

sophisticated two-dimensional modeling, it is difficult to quantify.   

Lastly, the numerical simulation imposes nearly 100% absorption of the incident 

laser energy while the true reflective losses from the target surface have not been 

determined.  This also contributes to the model’s prediction of higher radiation 

temperatures relative to the experimental measurements. 

Given the above-mentioned shortcomings in the radiation-hydrodynamics 

simulations, we endeavor to evaluate the temporal behavior of the simulated plasma 

radiation temperature relative to our experimental measurements.  This is accomplished 



  134  

 

through a straightforward scaling of the maximum radiation temperature-time contour in 

Figure 5.26 by the ratio of peak numerical to peak experimental rT  values.  The result of 

the calculation for the standard run is shown in Figure 5.28.  Using this scaling, we find 

that the main experimental trend in radiation temperature is reasonably reproduced by the 

simulation as rT  in both the experiment and model decay to the 3 eV level in less than 35 

ns.  Similar results are obtained for scaling of the high-irradiance simulation.  However, 

the radiative lifetime of the plasma defined here as the FWHM of the radiation 

temperature profile differs substantially between experiment and model.  An analysis of 

the maximum rT  contours in Figures 5.26 and 5.27 reveals radiative lifetimes of ~ 16 and 

14 ns, respectively, for the standard and higher-irradiance runs.  From Figures 5.23 and 

5.24, we measure an experimental radiative lifetime of ~ 25 ns at both intensities, and 

observe a more gradual temporal evolution of the ascending and descending limbs of the 

profiles compared to numerical predictions.  The differences in the temporal behavior of 

the radiation temperature between the experiment and model can be interpreted as a 

consequence of an insufficient amount of detail in the tin opacities.  HYADES operates 

in the single group conduction approximation and therefore does not consider the 

absorption coefficient’s fine-structure dependence upon photon frequency.  The steep 

profiles are a result of each photon encountering a common mean free path at a given 

temperature and density, as opposed to the realistic continuous spectral variation of 

mfpλ expected in high-Z plasma exhibiting complex electronic structure.  In high-Z plasma 

such as tin, spectral resolution of the radiation plays an important role in reducing the 

density gradient near critical and smoothing the radiative lifetime profile [83].  The lack 
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Figure 5.28: Maximum radiation temperature-time contour extracted from Figure 5.26 
scaled by adjustment factor of 1.17 to facilitate comparisons of temporal behavior 
between the low-irradiance experiment and corresponding numerical model.    
 

 

 

 



  136  

 

of spectral detail ultimately prevents HYADES from capturing the late-time temperature 

structure of the cooling plasma observed in Figures 5.23 and 5.24, and therefore limits its 

utility in accurately tracing temporal radiation profiles.  These results necessitate the 

development of more realistic radiation transport algorithms that operate in concert with a 

sufficiently detailed treatment of the atomic level population kinetics to accurately model 

the emission from complex, many electron systems.     

5.4.2 Radiation Conversion Efficiency 

Referring back to Figure 5.2 which shows the time-dependent radiated power for 

the low-irradiance experiment ( LI = 4.1 ± 0.3 × 1011 W/cm2), we see that while the peak 

radiative output measured in channel 2 is higher than that in channel 1, the duration of 

emission associated with the longer wavelength band is greater.  This compensatory 

behavior results in a nearly equal contribution from each channel (see Table 5.2) for an 

overall combined conversion efficiency of 28 ± 3%4.  At the laser intensity LI  = 1.2 ± 0.1 

× 1012 W/cm2, the energy detected in the narrowband channel (shown in Table 5.2) is 

65% higher than that observed in the less energetic region of the spectrum, and a factor of 

3 

Table 5.2: Summary of energy radiated into long ( 1ChE ) and short ( 2ChE ) wavelength 
bands, and overall XUV conversion efficiency x rayη −  (10 nm  λ   80 nm).   

LI  (W/cm2) 1ChE  (mJ) 2ChE  (mJ) x rayη −  

4.1 ± 0.3 × 1011 13 ± 1 14 ± 2 28 ± 3%

1.2 ± 0.1 × 1012 26 ± 2 43 ± 6 30 ± 3%

 
                                                 
4 Conversion efficiency estimates assume unity absorption of the incident laser energy.   
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over that measured in the base case.  This is quite reasonable as previously discussed 

since we expect the spectrum to shift to shorter wavelengths for an elevated plasma 

temperature induced by more intense laser heating (see Figure 5.25).  Within the 

experimental uncertainty, the approximate factor of 2.5 increase in laser energy between 

the low and high-irradiance experiments results in an equivalent radiative energy output 

as evidenced by the nearly constant conversion efficiency.  These results indicate that ~ 

70% of the remaining laser energy is partitioned among the following components: 

thermal energy of the electrons and ions, internal/ionization energy, and kinetic energy of 

the expanding ions.  Given that the tin plasma is a high-Z material, we would anticipate a 

significantly higher radiation conversion efficiency than shown in Table 5.2 (confirmation 

from numerical simulations to follow).  The explanation for the “missing” radiative 

energy is straightforward: for the maximum radiation temperatures measured in the low 

and high-irradiance experiments, the spectra peak at wavelengths short of the narrowband 

XRD’s cutoff as illustrated in Figure 5.29.  While it is acceptable to use bandwidth 

limited XRDs for temperature diagnosis provided the spectral form is known, it prevents 

a complete measurement of the high-energy spectral components beyond cutoff.    

Numerical Results  

To understand the time-dependent flow of energy within the plasma, we use 

HYADES to investigate the various forms in which it resides.  We differentiate two 

distinct regimes of plasma evolution: the formation of the plasma during the laser pulse 

which is our primary focus here, and the hydrodynamic relaxation immediately afterward 

which we explore in chapter 6.  The overall error in energy conservation for both regimes 

is at most 1%, but is typically at the fraction of a percent level.  Plotted in Figure 5.30 is  
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Figure 5.29: Theoretical Planck spectral intensity for experimentally measured plasma 
radiation temperatures plotted up to long wavelength cutoff of aluminum filtered XRD.   
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the time-dependent partition of the dominant energy components during the ~ 25 ns laser 

irradiation phase of the low-irradiance simulation.  Laser energy absorption and plasma 

heating at the intensities used in these experiments occur primarily through inverse 

bremsstrahlung.  This process in which a pool of free electrons directly interacts with the 

electric field of the incident laser beam ultimately generates hot, highly ionized gas.  

HYADES is successful in identifying this as the appropriate absorption mechanism as 

evidenced by the simultaneous rise in absorbed laser energy and electron thermal energy 

shown in Figure 5.30.  The electron energy continues to rise even after laser pulse 

maximum is reached because the net absorption of energy compensates the radiative loss. 

This continues until plasma cooling commences, demonstrated by the dominant radiative 

loss component relative to the pump laser source.  The slope of the thermal electron curve 

is not as steep as that of the absorbed energy because electrons couple their energy to two 

other plasma energy modes.  A very small fraction of electron energy is thermalized 

among the ions through inefficient collisional processes, resulting in similar temporal 

profiles for the two populations.  Approximately 90% of the absorbed laser energy is 

coupled to Planckian radiation which is unequivocally the dominant loss mechanism 

during the first ~ 25 ns. 

 Simulations of the high-irradiance experiment showed similar trends in the time 

evolution of constituent thermal energies, as well as an overall radiation conversion 

efficiency of ~ 90%.  This constant conversion efficiency at both intensities arises from a 

proportionate increase in radiative loss with mesh laser intensity.  While a similar trend is 

observed in the data, there is clearly a deviation between the measured and numerically 

predicted conversion efficiency values.  That the numerical value must be in error may be 
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Figure 5.30: Time-dependent plasma energy partition during laser irradiation phase from 
the standard HYADES run.  Absorbed laser energy is the incident laser energy less a 
small fraction reflected from the target.  Radiative loss represents Planck emission.  
Electron and ion energy denote thermal energies.   
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seen by noting that the highest measured conversion efficiency for laser-produced gold 

plasma is ~ 80% [90, 91].  Since η  scales with Z, this value serves as an extreme upper 

bound to both the measured and simulated conversion efficiency of tin plasma.  The 

discrepancy between experiment and model may be understood by noting that the one-

dimensional nature of HYADES does not consider the full radial hydrodynamic transport 

of plasma away from the two-dimensional focal spot. An enhanced treatment of the truly 

multidimensional hydrodynamics (as opposed to the pseudo two-dimensional approach 

employed here) would divert energy toward the kinetic energy component, and ultimately 

reduce the available fraction for radiation.  Moreover, the radial diffusion of electrons 

across the experimental focal spot periphery discussed in Sec. 5.4.1 also constitutes a loss 

of energy that HYADES cannot model.  These effects not only lead to significantly 

higher numerical conversion efficiencies, but also mask the true scaling of η  with LI  that 

is observed in the experiments.  In addition, the lack of spectral resolution in the 

simulated emission spectrum coupled with the limited XRD bandwidth complicates one-

to-one radiative comparisons between experiment and model. 
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Chapter 6 

Nanosecond Optical Emission 

Spectroscopy of Tin Plume Radiation 

The hydrodynamic relaxation phase of laser-produced tin plasma is characterized 

by intense visible spectral line emission superimposed upon a decaying continuum (see 

Figure 3.18).  Depending upon the proximity to the target surface and time since plasma 

formation, the continuum radiation measured in chapter 5 may be bright enough to 

overwhelm spectral lines.  The line spectrum indicates the presence of multiply ionized 

atoms undergoing discrete electronic transitions as the spectral energy cascades from the 

continuum.  In this chapter we exploit this cooler, long wavelength radiation to diagnose 

the fundamental plasma quantities driving the hydrodynamic expansion of the tin plume, 

viz., electron temperature and density.  Fast-gated optical emission spectroscopy provides 

spatially and temporally-resolved late-time ,e en T  profiles associated with the initial 

plasma conditions examined in the previous chapter.  In concert with the temperatures 

and densities determined from optical emission spectra, two-dimensional nanosecond 

ICCD photographs of the transient plasma help develop a qualitative impression of the
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geometrical plume structure and expansion velocity.  Simulations of the evolving plasma 

state variables are carried out to guide and interpret experimental data.  The plasma 

energy partition presented in chapter 5 is extended to encompass the hydrodynamic phase 

studied here, permitting exploration of the time-dependent balance between thermal, 

kinetic, and radiative energy.   

6.1 Experimental Parameters 

 As shown in Table 6.1, the precision of our focal spot imaging technique allows 

us to maintain nearly identical laser irradiation conditions between the experiments 

discussed in chapter 5 and those presented here.  The false-color spatial distribution of 

focused laser energy at the target plane is illustrated in Figure 3.14; this represents the 

best focus achieved with the f = 35.5 cm antireflection coated, plano-convex lens.   

6.2 Plasma Hydrodynamics  

Free expansion of plasma into vacuum has received much attention from 

researchers in the fields of laser-produced plasma [92 – 94], inertial confinement fusion 

[95], and astrophysics [96].  Depending upon the phenomena being investigated, either a  

 
Table 6.1: Summary of incident laser and focal parameters for low and high-irradiance 
experiments.  While nominal irradiance values are not identical to those shown in Table 
5.1, they lie within the experimental uncertainty of the measurements.   

IL (W/cm2) LE  (mJ) Lτ  (ns) fD (µm)

3.8 ± 0.5 × 1011 100 ± 3 10 58 ± 3 

1.1 ± 0.2 × 1012 235 ± 7 8.5 58 ± 3 
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kinetic or fluid model is adopted to study plasma expansion dynamics.  One of the most 

widely accepted models in the fluid regime is that of Rumsby and Paul in which they 

consider the uniform, free expansion of a quasi-neutral plasma at constant velocity u   

[92].  Assuming that the laser-produced plasma is highly collisional such that all collision 

times are much shorter than the laser pulse duration, the plasma is approximated as a 

single temperature fluid.  Combining the conservation of mass with the scaling of the 

plasma boundary radius R ut= , the temporal evolution of electron density scales as 

1 1( )
( )en t

R t ut

ν ν⎛ ⎞ ⎛ ⎞∝ =⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

                                                                                                  (29) 

where ν =  1, 2, and 3 correspond, respectively, to planar, cylindrical, and spherical 

expansion geometries.  For an adiabatic expansion the corresponding temperature scaling 

in each geometry is 

( 1)
1 1( ) ( )e eT t n t

ut

ν γ
γ

−
− ⎛ ⎞∝ = ⎜ ⎟

⎝ ⎠
                                                                                           (30) 

where Rumsby and Paul set the adiabatic index 5 / 3γ = , neglecting high-temperature 

phenomena such as dissociation and ionization.  The condition for a true planar 

expansion is that the focal spot diameter fD  must be much larger than the plasma scale 

length given by S LL C τ= , such that the plasma boundary fR D<   [97, 98].  These criteria 

are generally satisfied for large focal spot, short laser pulse experiments and are clearly 

time-dependent.  In the regime where fL D> , the hydrodynamic outflow exhibits 

cylindrical and spherical characteristics that we shall discuss in the forthcoming sections. 
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6.2.1 ICCD Plume Image Analysis 

In light of this simple geometric hydrodynamics model, we present and interpret 

the nanosecond ICCD photographs of plasma radiation.  The expansion dynamics of the 

plume is studied by imaging the broadband plasma emission onto the ICCD camera.  We 

note, however, that these measurements do not provide a complete physical picture of the 

plasma evolution as this diagnostic is not sensitive to soft x-ray radiation, characteristic 

of the early-time plasma behavior.  It is also insensitive to late-time streaming ions of 

high-charge-state whose emission lies in the deep ultraviolet.  The sequence of images 

shown in Figure 6.1 represents the time history of tin plasma emission observed in the 

low-irradiance experiment.  The laser propagates from left to right as indicated.  Each 

image of the expanding tin plasma is normalized to the maximum radiation intensity 

during the gate integration time.  The maximum intensity measured in each frame is 

provided in the caption, and corresponds to the core plasma shown in white. A 

logarithmic intensity scale is utilized to differentiate regions of strongly varying photon 

density.  Almost immediately ( t  << minimum gate width) after the laser strikes the tin 

target, an intense luminous plume develops and rapidly expands into vacuum.  Plasma 

intensity is maximum near the focal spot on target where continuum emission dominates 

the radiation spectrum, and decreases radially toward vacuum, presumably tracking with 

electron temperature and density.  During the first ~ 25 ns, the hot plasma fireball 

expands spherically at a rate of ~ 2.4 × 106 cm/sec reaching a radial expanse that exceeds 

the optically measured focal spot size by more than an order of magnitude.  Using the 

maximum radiation temperature of ~ 30 eV determined from XUV continuum 

measurements, coupled with ionization scaling given by Colombant, et al. [76] this  
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velocity corresponds to supersonic flow at Mach 1.4.  At late-times, the geometry of the 

plasma streaming into vacuum undergoes a transition from spherical to elliptical or 

nozzle-like flow, reminiscent of the exhaust plume emanating from a rocket engine. The 

noticeable plasma flow perpendicular to the laser beam sets it apart from a purely planar 

rarefaction, and is predicted by Dawson’s self-similar analysis where he showed that 

fluid acceleration is inversely proportional to the initial plasma dimension [99]. Plume 

elongation occurs because the relatively long ~ 25 ns laser pulse preferentially heats the 

plasma from one direction, creating large pressure gradients across the very thin inverse 

bremsstrahlung absorption layer that lies perpendicular to the incident laser beam.  

Conservation of momentum and energy dictate the late-time unidirectional plasma 

expansion away from the target at a velocity of 5.6 × 105 cm/sec.  Based on the maximum 

late-time electron temperature measurement of ~ 1.5 eV (discussed in greater detail in 

Sec. 6.4), this corresponds to a supersonic flow of ionized tin plasma at Mach 2.3.  The 

plume reaches a maximum length of ~ 1.9 mm (from frame 12 of Figure 6.1), which is 

determined by the position at which the intensity of plasma radiation decays to 21 e  of its 

initial value.   

The transition from spherical to cylindrical flow behavior may also be understood 

by considering the transient plasma energetics within the temporally evolving focal spot.  

At the onset of laser irradiation, the laser-heated focal region is at its minimum 

dimension, which is closely approximated by the optically measured value [26, 44].  As 

such, the relatively few ions generated in the small cross-sectional area are heated to 

high-temperature, and rapidly expand in a large cone angle resulting in the spherical flow 

of material [99].  At later times, the diffusion of electrons across the focal spot periphery 
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(chapter 5, Sec. 5.4.1) heats a greater number of ions which reduces the kinetic energy 

imparted to each.  This cooler ion population originating from the diffusively enlarged 

focal spot expands more slowly in a narrower cone angle as seen in the late-time frames 

of Figure 6.1.  If the laser pulse length were on the order of L
s

r
C

τ =  ~ 2 ns, where r  is 

the focal spot radius of ~ 30 µm and SC   ~ 1.8 × 106 cm/sec during the laser pulse, 

electrons wouldn’t have sufficient time to diffuse, which would result in a more 

uniformly heated ion population.  As such, the nature of the expansion would approach 

Sedov’s point explosion model [100] and exhibit a more isotropic distribution of late-

time ion density and radiation.   

An interesting feature observed in Figure 6.1 worthy of discussion is the apparent 

stagnation of spherical flow at ~ 25 ns.  This of course is an artifact of the ICCD’s limited 

spectral sensitivity and dynamic range.  As we showed in chapter 5, the plasma radiates 

continuum photons in the XUV region of the spectrum during laser heating.  While there 

are still visible and UV components present (avoided in chapter 5 through appropriate 

filtering), they become progressively hardened as laser power deposition increases in 

time.  The 350 nm wavelength cutoff of the ICCD renders this diagnostic technique 

ineffective in capturing these more energetic photons. Only after the plasma has 

sufficiently cooled does its radiant energy shift into the ICCD’s spectral window, 

facilitating the monitoring of late-time hydrodynamic phenomena. This effect is 

exacerbated by the ICCD’s restricted dynamic range.  Since the magnitude of emission is 

proportional to ion emitter density, the expanding metal plasma inevitably creates low-

density regions whose radiation levels are insufficient for ICCD detection.   



  149  

 

In the high-irradiance experiment, a similar geometrical transition from spherical 

to cylindrical hydrodynamics is observed.  Considering the dependence of the ion 

acoustic velocity on electron temperature, one expects the velocity of the hot plasma to 

scale with the core plasma radiation temperature, which was shown to increase by more 

than 25% for a ~ 2.5× increase in focused laser energy (chapter 5).  Indeed, we observe a 

2× increase in spherical expansion velocity in the high-irradiance experiment, but only a 

25% increase in the late-time cylindrical velocity; the flow exceeds the sound speed in 

both regimes.  As a consequence of the increased expansion rate, the plume length 

increases by 50%.    

6.2.2 Time-of-Flight Analysis 

 An alternative approach to determining the plasma expansion velocity is to trace 

the time evolution of a spectral emission line at sequential spatial positions along the 

propagation axis.  Since the line intensity is proportional to the localized ion density 

(Eqn. 18), this spectroscopic technique provides a useful means of tracking bulk mass 

motion within the plasma and thus hydrodynamic expansion.  Since this method exploits 

discrete spectral line radiation, its utility is limited to regions in space and time where 

bound-bound transitions dominate the atomic processes.  This is typically satisfied in the 

late-time ( t   80 ns) hydrodynamic relaxation phase several hundred microns from the 

target surface.  The singly ionized (Sn II) λ  = 556.2 nm (6d2D → 6p2Po) spectral line is 

chosen for this task because of its simultaneous use in probing electron density through 

Stark broadening measurements.  By fitting the spectral line profiles to Gaussian 

distributions, we estimate the most probable expansion velocity of the Sn II ionization 
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front.  Shown in Figure 6.2 is the time evolution of the normalized Gaussian best-fit 

curves to the λ  = 556.2 nm spectral line intensities obtained at three distances from the 

target in the low-irradiance experiment.  The temporal shift between the profile peaks at 

sequential distances represents the time of arrival or time-of-flight (TOF) of the Sn II ions 

as they propagate by the vantage point of the detector.  A least squares fit to the distance-

time data yields a most probable expansion velocity of 1.9 ± 0.9 × 106 cm/sec, which 

corresponds to a kinetic energy of ~ 220 eV for singly ionized tin ions.  Before 

commenting further, we note that this velocity represents the mean, electron density-

weighted kinetic energy of the Sn II ion velocity distribution.  There are faster and slower 

components of the Sn II ion population captured respectively, by the ascending and 

descending limbs of the Gaussian profiles.  Moreover, higher ionization states possess 

greater kinetic energy due to the well-known space-charge effect in laser-induced plasma 

[101].  However, due to the limited wavelength sensitivity of the instrument, we are 

unable to monitor atomic transitions in tin above the first ionization potential.  TOF 

analysis of the λ  = 556.2 nm spectral line observed in the high-irradiance experiment 

reveals an expansion velocity of 1.8 ± 0.8 × 106 cm/sec, a value nearly identical to that 

found in the low-irradiance experiment.  This is an example of what is demonstrated 

throughout this chapter, i.e., increased laser energy on target produces minimal change in 

the late-time hydrodynamic plasma evolution. Two fundamental conclusions can be 

drawn from this observation: (1) the majority of additional laser energy deposited is 

either dissipated through radiative losses or fast ion generation during laser irradiation, 

both of which deplete the plasma of energy potentially available for hydrodynamic 

processes, and (2) the limited spectral sensitivity of the instrument prevents a complete  
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Figure 6.2: Gaussian best-fit curves to time-of-flight profiles of λ  = 556.2 nm Sn II 
emission line at three distances from the target obtained using optical emission 
spectroscopy.   The most probable expansion velocity is calculated from a least squares 
fit to the Gaussian peaks.   
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diagnosis of the high-charge-state species and associated hydrodynamics in the post laser 

heating phase of plasma evolution. 

Before concluding this section we point out the factor of 2.5 – 3.5 difference 

(summarized in Table 6.2) between the TOF velocity and the late-time expansion 

velocity obtained from plume imaging measured at both intensities.  These differences 

may be understood by considering the physics underlying the two diagnostic techniques.  

The velocity obtained from the spectral line evolution represents singly ionized tin 

undergoing a specific atomic transition as it propagates away form the target, resulting in 

radiation of an isolated wavelength.  Fast ICCD photography captures broadband 

emission resulting from multiple atomic transitions originating from both Sn I and Sn II 

species.  Whereas spectral integration averages the behavior of individual species and 

their various energy states ultimately providing a fluid expansion velocity, TOF analysis 

maintains the identity of the population, yielding the velocity distribution of a specific 

electronic transition within the radiating ion.   

 

Table 6.2: Summary of expansion velocities obtained from broadband ICCD plume 
imaging, and optical emission spectroscopy of the λ  = 556.2 nm Sn II transition.  From 
ICCD imaging, spherical expansion is observed during the first 25 ns of plasma evolution 
which subsequently transitions to cylindrical flow.  ( SphV , spherical expansion velocity; 

CylV , cylindrical expansion velocity; TOFV , time-of-fight velocity).  

IL (W/cm2) t 25 ns|SphV ≤  (cm/sec) t > 25 ns|CylV  (cm/sec) TOFV  (cm/sec) 

3.8 ± 0.5 × 1011 2.4 × 106 5.6 × 105 1.9 ± 0.9 × 106 

1.1 ± 0.2 × 1012 4.9 × 106 7 × 105 1.8 ± 0.8 × 106 
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6.3 Electron Density 

 In this section, we discuss both time-resolved and time-integrated measurements 

of electron density within the laser-produced tin plume.   

6.3.1 Time-Resolved Electron Density 

Shown in Figures 6.3 and 6.4, respectively, is the time-resolved electron density 

measured at 0.75, 1, and 2 mm from the target surface in the low and high-irradiance 

experiment.  In addition to being sensitive to the time delay, the line-to-continuum ratio is 

also quite dependent upon the proximity to the target surface.  For distances less than 

0.75 mm, the true continuum level is difficult to decipher with respect to the base of the 

spectral line, and therefore prevents reliable interpretation of spectral data there.  Spectra 

are recorded with the intensifier gate width set to 25 ns to ensure intense, well-defined 

spectral line profiles.  Stark-broadened line profiles are found to exhibit a high degree of 

symmetry as evidenced by Figure 6.5, indicating that the ion broadening component is 

negligible [102].  Error bars are due to the uncertainty in the electron impact parameter 

and the numerical fit to a theoretical Lorentzian line profile.  While the nominal densities 

are somewhat larger in the higher power density experiment, all space-time 

corresponding data lie within the experimental uncertainty with the exception of two 

points: (0.75 mm, 236 ns) and (2 mm, 286 ns).  Since these data are remarkably similar, 

we limit our comments to the low-irradiance experiment.  At 0.75 mm from the target, 

the density peaks at 4.1 × 1017 cm-3 and exhibits an exponential decay with a best-fit time 

constant of ~ 83 ns.  Combining the TOF velocity obtained in the previous section with 

this maximum density yields a directed ion flux of 23 -2 17.8 × 10 cm seci TOFn V −Γ = = ,  
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Figure 6.3: Temporal evolution of plume electron density at sequential distances from the 
target surface measured in the low-irradiance experiment.     
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Figure 6.4: Temporal evolution of plume electron density at sequential distances from the 
target surface measured in the high-irradiance experiment.     
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Figure 6.5: Stark-broadened profiles of the λ  = 556.2 nm and λ  = 558.9 nm Sn II 
spectral line transitions obtained at 1 mm from the target in the low-irradiance 
experiment.  
 
 
 

 



  157  

 

where ~i en n  for Sn II species.  The density at successive spatial points is lower due to 

the multidimensional expansion from a small focal spot.  As initially large pressure 

gradients in the plume relax, the 1 e  folding time increases from ~ 83 ns at 0.75 mm to ~ 

125 ns at 1 mm.  At a distance of 2 mm, the plume is rarefied and the slow change in 

density is due to an asymptotic approach to the finite resolution limit of the 50 cm 

spectrograph.  In vacuum, one expects the electron density to decay monotonically due to 

the hydrodynamic disassembly of the plume; later, this conjecture is confirmed through 

numerical modeling.   

6.3.2 Time-Integrated Electron Density 

In addition to time-resolved studies of the electron density, we map its spatial 

dependence by setting the intensifier gate width to 1 µsec and mechanically scanning the 

optical acquisition system along the plume’s expansion axis.  While this has the 

disadvantage of forgoing some time resolution, it provides information about the electron 

density farther from the target, otherwise undetectable by nanosecond studies due to low 

light levels.  The caveat is that a longer integration time not only increases discrete 

spectral contributions but those arising from the continuum as well, a phenomenon that 

reduces the signal to noise ratio near the target.  Shown in Figures 6.6 and 6.7, 

respectively is the time-integrated electron density deduced from the Stark-broadened λ  

= 556.2 nm spectral line profiles obtained in the low and high-irradiance experiments.  

Spectral lines emitted in the high-intensity experiment are resolved as near as 0.5 mm 

from the target, which is 0.5 mm closer than those observed in the low-intensity 

experiment.  We attribute this to additional plasma excitation brought about by the ~ 2.5×  
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Figure 6.6: Time-integrated plume electron density plotted as a function of distance from 
the target surface measured in the low-irradiance experiment. The horizontal line 
represents the data range over which limited spectral resolution prevents reliable 
determination of density.  Laser is incident from right. 
 

 

 



  159  

 

 

 

 

 
 

 
 
Figure 6.7: Time-integrated plume electron density plotted as a function of distance from 
the target surface measured in the high-irradiance experiment.  The horizontal line 
represents the data range over which limited spectral resolution prevents reliable 
determination of density.  Laser is incident from right.   
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difference in focused laser energy between the two experiments.  The increased laser 

energy has the effect of selectively pumping the λ  = 556.2 nm transition above the 

continuum level, such that the 1 µsec integration time results in line formation and 

detection.  The less energetic plasma does not benefit from the spectral line enhancement 

and suffers from lower signal to noise because of the 1 µsec exposure time, ultimately 

resulting in a loss of spatial resolution in the electron density diagnosis.  At the first 

common spatial point of 1 mm, the electron densities measured in each experiment are 

nearly identical.  Therefore, it is plausible that if a secondary density diagnostic were 

available whose operation was not dependent upon spectral line radiation, it would have 

measured a similar correspondence in data at the positions of 0.5 and 0.75 mm from the 

target.  At 2 mm from the target, the high-irradiance plasma is nearly 2.5× denser than the 

low-irradiance counterpart, otherwise the spatial evolution of density is approximately 

the same in both cases.  In the low and high-irradiance plasma, the density decays 

exponentially in space with the first few common data points nearest to the target 

characterized by a mean gradient scale length of ~ 570 and 515 µm, respectively.  The 

sharp fall in density observed in both cases is due to the inherent three-dimensional 

expansion from a 58 µm focal spot, resulting in a factor of 20 increase in plume volume 

at 5 mm from the target.  For distances greater than 5 mm, the density artificially plateaus 

due to the 0.5 Å limiting resolution of the 50 cm spectrograph used in these 

measurements.  Geometric arguments alone suggest that the density should be down by a 

factor of ~ 5 assuming a cylindrical expansion with the axis of symmetry perpendicular to 

the expansion direction.  The horizontal lines shown in Figures 6.6 and 6.7 indicate the 

data range over which the experimental error bars do not bracket the lower extrema in  



  161  

 

density for the reasons mentioned.       

As previously discussed, the weak dependence of electron density (both time and 

space-resolved) on incident laser intensity typifies the late-time hydrodynamic conditions 

diagnosed in these experiments.  The analysis underscores the importance of probing the 

transient dynamics during laser irradiation since properties such as radiation temperature 

and fast ion generation carry the most weight in understanding the effects of incident 

laser intensity on plasma energetics.  While increased laser irradiance certainly raises the 

radiation temperature and thus mass ablation rate, these effects are not necessarily 

manifested in the post-pulse hydrodynamics.  The additional energy is apportioned to 

early-time continuum emission from the ablation zone via 4
rTσ scaling, and rapid, high-

cone angle, ballistic ion escape from the central focal spot such that the laser heating and 

post-pulse hydrodynamics regimes are essentially decoupled from one another. 

6.4 Excitation Temperature 

 In this section, we discuss the time and space-resolved measurements of the tin 

plume temperature corresponding to the electron density data presented in the previous 

section.  In addition, we infuse the time-dependent radiation temperature data presented 

in chapter 5 to illustrate the complete tin plasma temperature evolution.   

6.4.1 Time-Resolved Excitation Temperature 

We have investigated the temporal evolution of electron temperature at three 

distances from the target surface in both the low and high laser irradiance experiments.   

The intensifier gate width is set to 10 ns to monitor potentially rapid temperature 

fluctuations within the plume.  Error bars are due to the least squares fit to measurements 



  162  

 

made at five different wavelengths in the construction of the Boltzmann diagram.  Graphs 

of the temperature data measured in the low-irradiance experiment at 0.75, 1, and 2 mm 

from the target are shown in Figures 6.8, 6.9, and 6.10, respectively.  A maximum 

excitation temperature of ~ 1.5 eV is observed at 0.75 mm from the target. The 

temperatures at 0.75 and 1 mm are similarly behaved and exhibit a weak dependence 

upon time compared to a theoretical adiabatic expansion (Eqn. 30). 

 The complete time evolution of plasma temperature in the low-irradiance 

experiment is obtained by combining the time-resolved radiation temperature shown in 

Figure 5.23 with the time-dependent excitation temperature at 0.75 mm plotted in Figure 

6.8.  The resulting overlay of these data shown in Figure 6.11 warrants further discussion.  

The initial impulse shown in the figure represents the equilibrium temperature between 

matter (electrons, ions, and neutrals) and radiation, but the constancy (on this scale) 

between 80 and 290 ns is the temperature of the electrons alone.  The XUV spectrometer 

used to diagnose the early-time temperature spatially integrates the plasma emission, 

while visible spectroscopy used to characterize the late-time hydrodynamics optically 

samples the plasma at 0.75 mm from the target.  Neglecting the spatial dependence of 

emission here is reasonable for two reasons: (1) the maximum radiation temperature of ~ 

30 eV occurs in the optically thick ablation zone at the target surface, completely isolated 

from the optically thin radiation region 750 µm away, and (2) the difference between 

maximum temperatures observed at the 3 spatial positions plotted in Figures 6.8 – 6.10 is 

negligible.  The missing temperature data (encircled in Figure 6.11) that occurs between 

~ 30 and 80 ns is due to our lack of diagnostic capability in this regime of plasma 

evolution.  The spectrum there comprises high-charge-state deep ultraviolet spectral lines  
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Figure 6.8: Temporal evolution of plasma excitation temperature measured at 0.75 mm 
from the target surface in the low-irradiance experiment.   
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Figure 6.9: Temporal evolution of plasma excitation temperature measured at 1 mm from 
the target surface in the low-irradiance experiment.   
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Figure 6.10: Temporal evolution of plasma excitation temperature measured at 2 mm 
from the target surface in the low-irradiance experiment.  
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Figure 6.11: Complete time history of plasma temperature obtained from XUV and 
optical emission spectroscopy.  Encircled region indicates regime over which data could 
not be acquired due to spectral diagnostic limitations.  Error bars are suppressed for 
enhanced clarity. 
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superimposed on decaying (optically thin) continuum radiation.  Despite our diagnostic 

limitations, however, one can from inspection of Figure 6.11, envision a smooth 

temperature transition from the 3.5 eV level at t  ~ 30 ns to the 1.5 eV level at 80 ns.  

With the exception of the greater peak radiation temperature measured in the high-

irradiance experiment, the same data overlay and analysis result in similar findings.   

The temperature profiles in space and time shown in Figures 6.8 – 6.10 may be 

understood by invoking a simple plume expansion model.  It should be emphasized that 

this model is qualitative in nature, and does not account for transient effects or complex 

hydrodynamics.  Consider the graphical representation of the expanding tin plasma 

shown in Figure 6.12.  The different colored (numbered) contours symbolize various 

phases in the plume’s temporal evolution along with the associated electron temperature.  

It is assumed that individual regions of the plume do not exhibit differential acceleration 

due to the time-varying heating associated with a Gaussian laser pulse.  Therefore, 

characteristic zones denoted by plasma contours maintain their identity after the laser 

switches off.  The blue contour (1) represents the pre-plasma formed by the rising edge of 

the laser pulse, corresponding to the lowest temperatures on the ascending limbs of the 

profiles in Figures 6.8 – 6.10.  The contour in red (2) specifies the region of the plasma 

that experiences the most intense laser heating and ionization at peak laser power, 

resulting in the highest observed temperature.  In general, after the pre-plasma has blown 

off, the leading edge of the plume is hottest because of its direct interaction with the 

energy source.  As plasma propagates by the fixed detector, temperature values decrease 

in time after the laser switches off, and continued plasma heating occurs indirectly 

through radiative transfer and electron conduction.  The temporal delay between peak  



  168  

 

 

 

 
 
 
 
Figure 6.12: Graphical representation of the expanding tin plume to assist in the 
interpretation of Figures 6.8 – 6.10.  The legend gives the relationship between contour 
color (number), electron temperature, and time after the laser strikes the target.    
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temperatures at successive spatial points is due to the arrival time of the core plasma at 

the given location.  For instance, at 0.75 mm the peak temperature of ~ 1.5 eV occurs at t  

= 120 ns, but maximum temperatures at 1 and 2 mm appear at 140 and 170 ns, 

respectively.  The weak dependence of temperature upon time suggests that the energy 

transport from the critical surface to deeper target regions during the initial plasma 

formation is quite efficient.  As shown in a previous calculation, this is in part due to the 

relatively long classical electron diffusion length that not only conducts electrons across 

the focal spot periphery, but beyond the critical surface (along laser propagation axis) as 

well.  Moreover, the microscopic amount of plasma generated from a 58 µm focal spot is 

conducive to rapid temperature equilibration as the absorbed laser energy is distributed 

among relatively few particles.  This may be demonstrated by comparing the shortest 

hydrodynamic timescale Hydroτ ~ 3 ns to the electron-ion collisional thermalization time, 

eqτ given by [72] 

3/ 2 21 -3
10

2

10 cm3.16 10 (sec)
100 eV ln

e
eq

i

TA
Z n

τ −
⎛ ⎞⎛ ⎞

≈ × ⎜ ⎟⎜ ⎟ ⎜ ⎟Λ⎝ ⎠ ⎝ ⎠
          (31) 

where A  is the atomic weight of tin = 118.69 amu, and the other symbols defined 

previously.  Assuming that the maximum radiation temperature of ~ 30 eV occurs near 

the critical depth (which places an upper bound on eqτ ), we find that collisional processes 

equilibrate the electron and ion temperature distributions in less than 200 picoseconds.   

 The time-resolved excitation temperature measured in the high-irradiance 

experiment is plotted in Figure 6.13; the data exhibit similar magnitude and trend 

behavior as observed in the low-irradiance case.  These findings are in agreement with 
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Figure 6.13: Temporal evolution of plasma excitation temperature measured at 1 and 2 
mm from the target surface in the high-irradiance experiment.   
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electron density and TOF velocity data which demonstrate a minimal influence of 

additional focused laser energy on late-time hydrodynamics5.  Due to the overwhelming 

continuum at 0.75 mm, discrete spectral line transitions could not be isolated.  The 

ascending limb of the temperature profile observed in Figure 6.10 is not evident here at 

the corresponding spatial position of 2 mm because of the poor least squares fit to line 

intensity data taken at five different wavelengths.  This is a consequence of the low signal 

to noise ratio at distances near the low-density edge of the plume (see Figure 6.4), a 

phenomenon that improves as the core plasma propagates into the field of view of the 

imaging optics.  Although the error bar on the first temporal data point at 2 mm is small, 

we believe the temperature value of ~ 2.5 eV is anomalous as it exceeds the highest 

temperature observed at 1 mm by more than 60%.  From theoretical predictions, e.g. 

Eqns. 29 and 30, we expect the plasma to evolve in such a way that it becomes cooler at 

twice the distance from the ablation zone.  Table 6.3 summarizes the key hydrodynamic 

plasma properties measured in the optical emission spectroscopy experiments.   

6.4.2 Time-Integrated Excitation Temperature 

The spatial variation of excitation temperature is measured in the same manner as 

the density by setting the intensifier gate width to 1 µsec and optically sampling the 

plasma in the direction normal to the target.  Shown in Figure 6.14 is the time-integrated 

electron temperature measured for distances up to 6 mm from the target surface in the 

low-irradiance experiment.  For positions ≤  3 mm the temperature is essentially constant, 

but then exhibits an anomalous rise with distance. This behavior conflicts with  

                                                 
5 This is not a general statement encompassing all laser-matter interactions, but rather an observation within 
the limited laser intensity range investigated here.   
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Table 6.3: Summary of plasma properties obtained from visible spectroscopy of the tin 
ablation plume.  The hydrodynamic behavior is unaffected by the additional focused laser 
energy in the high-irradiance experiment.  

IL (W/cm2) Peak eT  (eV) Peak en  (cm-3) TOF 
Velocity (cm/sec) Mean | |e

e

n
n∇

 (µm)

3.8 ± 0.5 × 1011 1.7 ± 0.2 4.1  ± 0.8 × 1017 1.9 ± 0.9 × 106 570 

1.1 ± 0.2 × 1012 1.6  ± 0.02 5.3  ± 1 × 1017 1.8 ± 0.8 × 106 515 

 

observations of a monotonic decay of temperature with distance in plasmas produced by 

laser ablation of carbon [103], aluminum [104], and other targets [105].  In those 

experiments, the temperature fell rapidly near the target and became a slowly varying 

function of space at larger distances. This stagnation of temperature is primarily due to 

three-body recombination reactions that compensate adiabatic cooling by returning the 

ionization energy to the plasma [86].  We attempt to explain the unprecedented behavior 

observed in our data by noting the general increase in the error bar size for more distant 

data points.  This indicates that the ionic population levels have fallen below the 

Boltzmann limit, preventing a high correlation fit in the least squares analysis.  At 

distances > 3 mm the electron density has likely decayed to a value such that radiative 

recombination (a two-body process) dominates three-body recombination, thereby 

violating the Boltzmann equilibrium criterion.  In this regime, the plasma has transitioned 

to coronal equilibrium in which upward atomic transitions are collisional, and downward 

transitions are radiative.  In optically thin, expansion dominated plasma in which matter 

and radiation are weakly coupled, continuous radiation losses deplete the upper excitation 

levels, driving them away from the Boltzmann equilibrium values.  A similar trend in 

temperature is observed in the high-irradiance experiment as well.  In the forthcoming 
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Figure 6.14: Time-integrated excitation temperature plotted as a function of distance from 
the target surface measured in the low-irradiance experiment.  The anomalous rise in 
temperature for distances > 3 mm is due to a transition from Boltzmann to coronal 
equilibrium.  Laser is incident from right. 
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sections, we explore this phenomenon in greater detail through application of the 

McWhirter criterion to numerical model-adjusted data.    

6.5 Computational Modeling 

Simulations are performed with HYADES in planar, cylindrical, and spherical 

geometry to quantify the influence of varying degrees of freedom on fundamental plasma 

properties such as temperature, density, and velocity.  Numerical inputs are taken from 

the experimental parameters summarized in Table 6.1.  According to Drake, et al. [97], 

planar plasma flow occurs if the focal spot diameter exceeds S LC τ  , which is ~ 450 µm in 

the low-irradiance experiment.  Although the 58 µm focal spot used in our experimental 

work clearly falls outside the planar regime, we carry out numerical simulations in this 

geometry for the sake of comparison.  For the cylindrical and spherical runs, we set the 

initial plasma radius of curvature equal to ½ of the focal spot diameter, the characteristic 

plasma size at the ablation threshold.  Simulations are carried out for both the low and 

high-irradiance experiments, but as the experimental data show, the differences are 

negligible.  Therefore, we focus on the results obtained for the standard run, and 

comment only on significant differences that differentiate the two.   

6.5.1 Constraining Geometry 

Before a complete analysis is undertaken, scoping runs are conducted to 

determine which code geometry generates results that most closely predict experimental 

data.  A comparison between experimental and numerical electron density is used as the 

metric in evaluating a particular geometry’s predictive capability because it is an 

important indicator of hydrodynamic flow.  Plotted in Figure 6.15 are the experimental 
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and numerical results of the temporal evolution of electron density at 0.75 mm from the 

target for the low-irradiance study.  This distance is chosen for evaluation because it 

represents the most dynamic part of the plasma within the data set, and therefore provides 

an upper bound on deviations from model predictions.  As expected, the planar model is 

unsuccessful in reproducing experimental data simply because the 1 R  divergence of 

electrons is insufficient, resulting in electron density that is orders of magnitude too high.  

At the other extreme, the electron density calculated by the spherical model is 

unphysically low due to an overestimate of electron divergence from a small dimension 

plasma.  The electron density obtained from the cylindrical model decays exponentially 

in time and represents a superposition of two hydrodynamic solutions: an isothermal 

expansion of hot, low-density coronal plasma followed by an adiabatic expansion of 

cooler, high-density plasma from the ablation layer [98].  The same comparison is carried 

out for the high-irradiance experiment with identical findings. Although the cylindrical 

model does predict a denser plasma than observed experimentally, it clearly exhibits the 

best agreement with experimental data and is adopted for continued computational 

analysis at both laser intensities.  

6.5.2 Code Validation 

 In addition to constraining the correct code geometry, we validate the continued 

use of HYADES by comparing the time evolution of numerical and experimental energy 

densities at 0.75 mm from the target.  As before, this distance is chosen because of its 

utility in uncovering the greatest differences between experiment and model.  Due to the 

complex nonlinear processes associated with inverse bremsstrahlung, electron transport, 

and radiative transfer, it makes more sense to examine the differences between  
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Figure 6.15:  Temporal variation of electron density at 0.75 mm from the target obtained 
from experimental data and numerical simulations of the low-irradiance experiment in 
planar, cylindrical, and spherical geometry. 
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experiment and model from an energetics standpoint rather than on a per-time-step basis 

of temperature and density alone.  Tracing the flow of energy in a system is fundamental 

to understanding the primary physical processes that govern its dynamic evolution.  We 

believe that the energy density is a useful figure of merit in further evaluating the 

computational ability of HYADES as it considers in conjunction the experimentally 

diagnosable plasma quantities such as temperature, density, and velocity.  Therefore, it 

provides a much more complete description of the plasma environment than would an 

isolated parameter and thus, a broader platform from which evaluations can be made.     

Illustrated in Figure 6.16 are the experimental (individual points) and simulated 

(solid curves) thermal and kinetic energy densities plotted as a function of time.  The 

thermal component comprises three random translational degrees of freedom and is 

derived from 3
2th B e ek n Tε = .  The kinetic energy density is derived from 21

2kin i e Expm n Vε =  

where im is the mass of the tin ion, and ExpV the expansion velocity.  For the numerical 

energy density, ExpV is the center of mass velocity taken from the one-dimensional 

HYADES calculations, and for the experimental energy density it is the geometric mean 

of the velocities obtained from ICCD imaging and TOF analysis.  Here we are only 

concerned with singly ionized tin and assume charge neutrality such that en ~ in . 

Although there is good agreement between the simulated and experimental thermal 

energy densities for 150 ns ≤  t ≤  200 ns, it is clear that the model plasma stores more 

thermal energy than measured experimentally.  On the other hand, the kinetic energy 

density calculated from spectroscopic data largely exceeds numerical values for most of 

the time interval.  To better elucidate the differences between experiment and model, we  
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Figure 6.16:  Time evolution of thermal and kinetic energy densities at 0.75 mm from the 
target.  Experimental data (shown as points) and model results (shown as solid lines) are 
taken from the low-irradiance experiment and simulation, respectively.      
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calculate the total ( tot th kinε ε ε= + ) time-integrated energy densities plotted in Figure 6.17.  

Each curve represents the integral of the sum of the thermal and kinetic constituents 

plotted as a function of time.  The fact that the deviation between the maxima is less than 

a factor of 2 is quite encouraging, and suggests that HYADES captures the essential 

physics of the laser-induced plasma.  This also serves as validation of our approximate 

treatment of the plasma hydrodynamics as a one-dimensional phenomenon.  While a two-

dimensional simulation would certainly improve the agreement between experiment and 

model, it isn’t required if factor of ~ 2 deviations are acceptable.   

6.5.3 Numerical Results - Electron Temperature and Density 

Shown in Figures 6.18 and 6.19 is the time evolution of simulated electron 

density and temperature, respectively for the low-irradiance experiment.  At a distance of 

0.75 mm from the target, the maximum deviation between numerical and experimental 

electron density is less than a factor of 2.5 for t   235 ns.  At 1 mm from the target and t  

 85 ns, there is exceptionally good agreement between experiment and model in which 

the maximum discrepancy is a factor of 2.  This factor of 2 convergence to measured 

values only occurs for t  ≥  185 ns at a distance of 2 mm.   

 The time-resolved electron temperature calculated by the code demonstrates the 

best agreement with data at a distance of 0.75 mm from the target, where the maximum 

observed divergence is less than a factor of 2.  The model results become progressively 

worse in the coronal region, where temperature values increase with distance from the 

target.   

Results from the high-irradiance simulation show similar trends in temperature 
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Figure 6.17: Total time-integrated experimental and numerical energy densities plotted as 
a function of time for the low-irradiance experiment and simulation.    
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Figure 6.18: Temporal variation of electron density at different distances from the target 
obtained from numerical simulation of the low-irradiance experiment. 
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Figure 6.19: Temporal variation of electron temperature at different distances from the 
target obtained from numerical simulation of the low-irradiance experiment.   
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and density at all distances, with the greatest difference observed at 0.75 mm.  Table 6.4 

summarizes the peak electron temperature, peak electron density, and fluid expansion 

velocity obtained from HYADES runs at both intensities.  These data are taken from the 

code runs at t  ~ 85 ns and 0.75 mm from the target surface.  The fact that these late-time 

hydrodynamic plasma properties are nearly the same at both intensities supports our 

earlier conclusion regarding similar behavior observed in the experimental data.  This is a 

consequence of increased radiative losses associated with the higher radiation 

temperature in the high-irradiance experiment, rather than the diagnostic limitation to Sn 

II spectral emission lines.   

6.5.4 Explanation of Observed Differences Between Experiment and Model 

There are several reasons for the inconsistencies between experiment and model, 

and because of the emphasis this work places on the comparison, we address them here.  

As discussed in chapter 5, the limitation of the one-dimensional code in modeling radial 

hydrodynamic transport results in an overestimate of the radiation temperature during the 

laser heating phase.  Since the late-time plasma expansion from a small focal spot is  

Table 6.4: Summary of peak electron temperature ( eT ), electron density ( en ), and fluid 
expansion velocity ( cmU ) obtained from HYADES modeling at both laser intensities.  
Numerical values are taken from code runs at ~ 85 ns and 0.75 mm from the target 
surface.    

IL (W/cm2) Peak eT  (eV) Peak en  (cm-3) cmU  (cm/sec)

3.8 × 1011 2.3 1 × 1018 1.3 × 106 

1.1 × 1012 2.5 1.2 × 1018 1.3 × 106 
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inherently three-dimensional, this same deficiency naturally leads to late-time numerical 

temperatures and densities that exceed those measured experimentally.  An improved 

radiation-hydrodynamics model that includes additional dimensions would enable more 

realistic adiabatic cooling, resulting in the convergence of numerical to experimental 

values.  Moreover, from fast ICCD imaging, the flow characteristics of the luminous part 

of the plume are neither spherical nor cylindrical, but nozzle-like at late-times.  Although 

this is a smaller correction than the addition of transverse degrees of freedom for 

expansion, a full treatment would require a two-dimensional, r-z code.   

  Further discrepancy between experiment and model is also linked to the 

dimensionality of HYADES.  As discussed in detail in Sec. 5.4.1, we expect that the 

inability of the model to account for electron conduction across the focal spot periphery is 

partially responsible for the higher numerical temperatures and densities.  Drake et al. 

[97] found that compared to two-dimensional simulations, one-dimensional calculations 

and analytical models predict electron temperatures that are a factor 1.5 – 2 higher.  This 

was attributed to the transport of electrons across the face of the target, confirming our 

hypothesis.  

The rise in temperature with distance seen in Figure 6.19 is believed to be caused 

by “freezing” of ionization states.  While the laser is on, the electrons are heated almost 

uniformly, but when it switches off the density in the corona is too low for electron-ion 

collisions to couple the two populations together.  This phenomenon is worsened since 

the Saha atomic model used for these calculations does not contain dielectronic 

recombination physics, which can be crucial in obtaining convergence of electron 

temperature in this low-density regime.  Dielectronic recombination is a two-step process 



  185  

 

that begins when a continuum electron recombines into an excited state of the ion, in 

which the additional energy is absorbed by a bound electron that is subsequently 

promoted to an upper state.  The radiative decay of this energized electron amounts to 

cooling in an optically thin plasma, and hence stabilization of electron temperature in the 

coronal region.   

6.5.5 Energy Partition 

Shown in Figure 6.20 is the full energy balance calculated for the low-irradiance 

experiment, in which the post-laser irradiation dynamics are emphasized.  This type of 

plot is extremely valuable, since one can determine at a glance which energy components 

dominate plasma evolution.  Once the laser switches off at t  ~ 25 ns, plasma radiation 

losses are negligible.  At this time, the ratio of kinetic to escaped radiative energy is a 

factor of ~ 25, indicating that plasma expansion is adiabatic.  This result is in good 

agreement with and confirms that after the rapid decay of experimental radiation 

temperature from a maximum value of ~ 30 eV to the 3 eV level (see ~ isothermal 

electron temperature in Figure 6.11), continued plume evolution is adiabatic in nature.  

Immediately after the laser switches off, the kinetic energy makes up 53% of the energy 

remaining in the system, rising steadily to 85% at 300 ns.  The increase in plasma kinetic 

energy may be understood by plotting the relevant energy components on a linear scale 

shown in Figure 6.21.  As implied by the figure, the progressive rise in kinetic energy 

occurs by direct conversion from electron thermal energy.  The relatively hot electrons 

have a sizeable pressure compared to the ions, and do pdV work on the ion population as 

they cool.  This may be expressed as a first principles power balance between the input 

laser source, and the resulting thermal, kinetic, and radiative components 
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Figure 6.20: Full time-dependent plasma energy partition calculated for low-irradiance 
experiment.  (1, cumulative absorbed laser energy; 2, cumulative escaped radiation; 3, 
total energy – radiative losses; 4, kinetic energy; 5, thermal electron energy; 6, thermal 
ion energy; 7, post laser radiative losses; 8, radiation internal energy)  The energy stored 
in the radiation field (internal energy) is negligible.   
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Figure 6.21: Linear plot of plasma energy partition calculated for the low-irradiance 
experiment which emphasizes the inverse relationship between electron thermal and ion 
kinetic energy.   
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23 4π
2

e
Laser Radiation B e e

dT drP P k n r P
dt dt

− = +                            (32) 

where LaserP is the rate at which the laser is depositing energy; RadiationP , the rate of radiative 

energy loss; r , the radial coordinate; and e e B eP n k T= , the thermal electron pressure.  The 

left-hand side represents the net rate of energy input to the system.  The first term on the 

right-hand side is the rate of change of plasma thermal energy, and the second term is the 

rate at which energy is going into radial expansion.  When the laser switches off, LaserP = 

0, RadiationP  ~ 0, and the last two terms compensate one another.  Without a pump laser to 

excite the electrons, they cool rapidly, giving up their energy to the inertial expansion of 

the massive ions.  Although this is an approximation in that we have neglected the time 

dependence of the electron density and assumed spherical symmetry, it does capture the 

underlying physics and corroborates model results.   

 Table 6.5 highlights the relative fractions of kinetic, electron, ion, and radiation 

internal energy taken from Figure 6.20 and the corresponding high-irradiance simulation 

at 25 and 300 ns.  While the total energy in the high-irradiance system is certainly higher 

than that of its low-energy counterpart, the fractional partitioning into each mode is 

almost indistinguishable.   

Table 6.5: Partitioning of incident laser energy into various channels at two times of 
interest for both laser irradiance simulations.  (KE, kinetic energy; EE, electron thermal 
energy; IE, ion thermal energy; RIE, radiation internal energy) 

IL (W/cm2) Time (ns) KE (J/cm) EE (J/cm) IE (J/cm) RIE (J/cm) 
3.8 × 1011 53% ~ 45% 1.8% << 0.1% 
1.1 × 1012 

 
25 55% ~ 44% 1% << 0.1% 

      
3.8 × 1011 ~ 85% 14% 1% ~ 0 
1.1 × 1012 

 
300 ~ 86% 14% < 0.5% ~ 0 
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6.5.6 Confirmation of Non-LTE Hypothesis 

We validate our conjecture regarding departure from LTE conditions at distances 

> 3 mm from the target (see Figure 6.14) by calculating the limiting threshold in electron 

density given by the McWhirter criterion [55].  However, as previously discussed, the 

experimental density values at the relevant distances are not physical because of limited 

spectrograph resolution.  In an attempt to overcome this restriction, we scale the 

experimental data to the trend predicted by the numerical model.  Specifically, we 

numerically fitted the time evolution of the density at 2 mm obtained from the model to a 

decaying exponential function and normalized it to the peak value.  Applying this scaling 

to the maximum experimental density value observed at 2 mm from the target provides 

more realistic behavior of electron density as a function of time.  Shown in Figure 6.22 is 

the experimental and model-corrected electron density at 2 mm from the target plotted as 

a function of time.  At t  ~ 285 ns the observed deviation between experimental data and 

its scaled adjustment is nearly a factor of 20.  For determining the LTE threshold electron 

density, we select the following two atomic transitions 

[Kr]4d105s26d  → [Kr]4d105s26p, 1E∆  =  2.33 eV                                                         (33) 

[Kr]4d105s5p2  → [Kr]4d105s25p, 2E∆  =  5.76 eV                                                         (34) 

where hcE
λ

∆ = , and λ  is the radiation wavelength.  Both transitions have Krypton 

closed-shell configurations and originate from Sn II excited states.  The first 

configuration corresponds to the most energetic spectral line used in temperature 

determination (λ  = 533.2 nm, 6d2D → 6p2Po), and the second is a resonance line.  

According to the McWhirter criterion (Eqn. 13), to sustain a thermal plasma at a peak  
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Figure 6.22: Comparison of experimental electron density data obtained at 2 mm in the 
low-irradiance experiment (taken from Figure 6.3) to corrected data based on numerical 
model results.    
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electron temperature of ~ 1.5 eV (see Figure 6.8), the electron density must be at least 2.7 

× 1015   cm-3 and 4 × 1016 cm-3 for the first and second transitions, respectively.  Referring 

to the corrected data in Figure 6.22, it is apparent that the assumption of LTE is violated 

as early as 135 ns for the resonance line, but is valid up to late-times for the less energetic 

spectral line.  These findings are in agreement with the theories proposed by Fujimoto 

and Wilson [51, 106], which state that it is more probable that the upper bound levels of 

the ions are in a state of equilibrium due to the high-collisional transition rate imposed by 

free electrons in the continuum.  An increasing number of free electrons is required to 

maintain the balance between collisional excitation and three-body recombination for 

successively lower lying levels, as in the resonance transitions.  There is a particular 

energy level in the ion often referred to as the thermal limit, above which the population 

distributions are considered to be in LTE, and below which they approach a coronal 

equilibrium.  From the calculations presented for electron density at a distance of 2 mm 

from the target, it is evident that the level populations in singly ionized tin plasma are not 

entirely collisionally dominated.  While the exact thermal limit cannot be identified due 

to the rapidly varying electron density, it is clear that the Sn II plasma ionization state is 

deviating from a pure Boltzmann distribution as near as 2 mm from the target.  

The unusual temperature behavior presented in Figure 6.14 occurs for distances ≥ 

4 mm, where the corresponding time-integrated electron density is ~ 1016 cm-3.  As 

previously discussed, however, the density at these distances should be significantly 

lower, and the 2 mm case just analyzed would therefore serve as an upper bound.  As 

such, the foregoing arguments regarding a deviation from LTE behavior are strengthened.  

Due to the extremely rarefied plasma expected at distances ≥ 4 mm, the thermal limit in a 
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typical Sn II ion is likely near to the ionization limit of the tin atom.  At these distances, 

the energy-conservative collisional processes lose out to energy-dissipative radiative 

processes, a manifestation of non-LTE conditions in the optically thin plasma.  

Consequently, the occupation of electronic states follows a coronal distribution, which 

results in unphysical temperature behavior (see Figure 6.14) when Boltzmann statistics 

are applied in the plasma spectral analysis.   
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Chapter 7 

Radiative Properties of Tin Ablation 

Plasma 

In chapter 5 we used time-resolved, spatially-integrated XUV spectroscopy to 

diagnose the radiation temperature, radiative lifetime, and conversion efficiency of tin 

ablation plasma at two laser intensities.  In order to gain further insight into the 

underlying radiative transport processes, we extend that work in this chapter by 

investigating the differences in early-time radiation characteristics of tin plasma as the 

laser irradiance is varied by more than an order of magnitude.  Experimental observations 

are discussed and compared with numerical simulations to provide a more complete 

understanding of the nature of energy transport at the optically thick ablation front.   

7.1 Experimental Parameters  

 The laser irradiation conditions under which these experiments are conducted are 

summarized in Table 7.1.  Laser energy is systematically varied from 105 to 1050 mJ in 

approximately 100 mJ increments.  Changes in the temporal pulse width that accompany
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variation of the amplifier settings permitted a peak incident laser power of nearly 300 

MW.  The laser beam is focused to a 21 e Gaussian focal spot diameter of 51 ± 1 µm 

using an f = 31.5 cm antireflection coated, plano-convex lens.  Figure 7.1 is a digitized 

image of the Gaussian focal spot on target.  This accurate diagnosis of the focal spot 

distribution facilitates our systematic study of tin XUV radiation across a laser irradiance 

range of 8 ± 0.6  × 1011 – 1.4 ± 0.1 × 1013 W/cm2.   

7.2 Experimental Radiation Power 

An experimental study of the XUV emission from high-Z plasma provides useful 

information regarding radiative energy transport processes occurring within.  Plotted in  

Table 7.1: Experimental laser irradiance conditions.  A constant focal spot size of 51 ± 1 
µm is used.   

   LI  (W/cm2)           LE (mJ)  Lτ (ns) 

8 ± 0.6  × 1011 105 ± 3 6.4 

1.3 ± 0.1 × 1012 200 ± 6 7.5 

2.3 ± 0.2 × 1012 300 ± 9 6.4 

3.3 ± 0.3 × 1012 405 ± 12 6.1 

3.6 ± 0.3 × 1012 500 ± 15 6.8 

5.5 ± 0.4 × 1012 600 ± 18 5.3 

5.8 ± 0.4 × 1012 700 ± 21 5.9 

8 ± 0.6 × 1012 800 ± 24 4.9 

1.3 ± 0.1 × 1013 910 ± 27 3.4 

1.4 ± 0.1 × 1013 1050 ± 32 3.7 
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Figure 7.1: Digitized false-color image of 51 ± 1 µm 21 e Gaussian focal spot diameter.    
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Figures 7.2 – 7.4 is the time-variation of radiated plasma power measured in each channel 

for incident laser energies of 105, 500, and 1050 mJ, respectively.  These figures 

illustrate the overall trend shown in Figure 7.5; the peak radiated power in each channel 

intuitively scales with incident laser energy and intensity.  It is worthwhile mentioning 

that at the maximum laser irradiance of 1.4 ± 0.1 × 1013 W/cm2, the sum of the radiated 

power from both channels is equivalent to the incident laser power in the low-irradiance 

experiment discussed in chapter 5.  The high-energy spectral component in these 

measurements dominates the radiative emission across the entire laser intensity range 

studied here.  This is a natural consequence of the monotonic decay of a Planckian 

spectrum longward of the spectral maximum (see Figure 5.25).  Moreover, the nature of 

the energy transport in the tin plasma is reflected in the temporal duration of its emitted 

radiation.  The emission duration in each channel measured across the full irradiance 

range exhibits two primary trends.  First, as shown in Figures 7.2 – 7.4 and more 

completely in Figure 7.6, the FWHM of the radiated power emitted from the high-energy 

spectral region is always shorter than that emitted from the low-energy region of the 

spectrum.  As discussed in Sec 5.2, this is a consequence of the selective partitioning and 

rapid decay of the high-energy spectral components in the cooling ablation zone.  

Second, the radiative emission FWHM for each channel increases with increasing 

incident laser energy.  Only at the lowest incident laser energy of 105 mJ do the radiated 

power profiles follow the laser in time.  For increased laser power, the maxima in the 

emission profiles are significantly delayed with respect to the laser pulse.  In general, the 

ratio of channel 1 to channel 2 FWHM values also increases with laser energy, nearly 

reaching a factor of 2 for laser energies ≥ 700 mJ.  This temporal broadening of the         
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Figure 7.2: Time-resolved radiated plasma power plotted alongside input laser power for 

LI  = 8 ± 0.6 × 1011 W/cm2 experiment.   
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Figure 7.3: Time-resolved radiated plasma power plotted alongside input laser power for 
LI  = 3.6 ± 0.3 × 1012 W/cm2 experiment.   
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Figure 7.4: Time-resolved radiated plasma power plotted alongside input laser power for 
LI  = 1.4 ± 0.1 × 1013 W/cm2 experiment.   
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Figure 7.5: Scaling of peak radiated plasma power measured in the narrow and broadband 
channels with incident laser energy.   
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Figure 7.6: Scaling of emission power FWHM measured in the narrow and broadband 
channels with incident laser energy.   
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power profile is evidence of radiation transport, and likely due to the more deeply 

penetrating ablative heat wave that accompanies a higher energy laser pulse.  Increased 

focused laser energy on target induces a higher plasma ionization state, radiation 

temperature, and mass ablation rate.  These in combination generate a denser ablation 

zone with greater photon optical path lengths, requiring extended periods to radiatively 

cool.  The spectral energy cascade begins with the most energetic photons born in the 

ablation zone at laser pulse maximum, and energetically decays through the continuous 

absorption and reemission of radiation long after the laser switches off.  For plasma 

generated with the highest laser intensities used in this study, we expect hydrodynamic 

losses to be significant as the associated FWHM emission profiles are several times 

longer than the laser heating pulse.    

7.3 Radiation Temperature 

As in Sec. 5.4, the XUV spectroscopic measurements made in this parametric 

study are analyzed under the blackbody assumption to investigate the effects of laser 

irradiance on tin ablation front temperature.  A detailed discussion and validation of the 

assumed Planckian spectral form was presented in Sec. 5.3.  Plotted in Figures 7.7 – 7.9 

is the time-variation of the plasma radiation temperature corresponding to the XUV 

radiation power shown previously in Figures 7.2 – 7.4, respectively.  The experimental 

errors shown as dashed lines arise from uncertainties in the XRD filter transmission 

coefficients.   

Not only does the radiation temperature increase with incident laser energy as 

expected, but significant changes in the radiative lifetime are observed as well.  For the  
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Figure 7.7: Time-dependent radiation temperature profile measured at a laser irradiance 
LI = 8 ± 0.6 × 1011 W/cm2.  Dashed lines represent experimental uncertainty in XRD filter 

transmission coefficients.  
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Figure 7.8: Time-dependent radiation temperature profile measured at a laser irradiance 
LI = 3.6 ± 0.3 × 1012 W/cm2.  Dashed lines represent experimental uncertainty in XRD 

filter transmission coefficients.  
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Figure 7.9: Time-dependent radiation temperature profile measured at a laser irradiance 
LI = 1.4 ± 0.1 × 1013 W/cm2.  Dashed lines represent experimental uncertainty in XRD 

filter transmission coefficients.  
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lowest intensity case plotted in Figure 7.7, the temperature essentially follows the 

Gaussian shape of the laser heating pulse during the first ~ 20 ns, and then exhibits a 

slower, more structured decay.  This broadening behavior becomes more prominent for 

incident laser energies of 500 and 1050 mJ shown in Figures 7.8 and 7.9, respectively, 

where several effects participate.  The scaling of radiative lifetime with laser intensity is 

tied to the trapping of ablation front photons in plasma whose optical depth is ever-

increasing.  Moreover, the highest laser intensity plasma whose temperature profile is 

shown in Figure 7.9 peaks in spectral intensity at ~ 5 nm, which is well outside the 

bandwidth of the XUV spectrometer.  The cascade of photon energy from this 

wavelength to our spectral observation window (10 nm  λ   80 nm) through an 

intervening medium of strongly varying opacity extends the emission lifetime.  

Furthermore, the Sn2+ – Sn4+ discrete ionization states shown in Figure 3.15 are likely to 

contribute to the cooling process at the highest laser intensities as the optically thick 

continuum gives way to intense discrete spectral line transitions once the laser switches 

off.   

   The scaling of maximum radiation temperature with laser energy and laser 

intensity is plotted in Figure 7.10.  Values range from ~ 35 eV at the lowest laser 

irradiance to ~ 47 eV at the highest, with two pairs of data points in the middle that 

exhibit some interesting clustering.  For incident laser energies of 400 and 500 mJ, and 

then 600 and 700 mJ, the radiation temperatures are nearly identical within the pair.  This 

demonstrates the influence of the incident laser pulse width on the plasma response, 

which can be seen more clearly in Figure 7.11.  The data presented in this fashion show  
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Figure 7.10: Scaling of maximum ablation zone radiation temperature with incident laser 
energy and intensity.    
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Figure 7.11: Scaling of maximum radiation temperature (right-hand ordinate) with laser 
irradiance and pulse width (left-hand ordinate).   
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that the laser energy is not solely responsible for ablation zone heating.  Even though the 

laser irradiance is greater for the higher energy pair member, the temperatures are the 

same because LE  and Lτ  compensate one another in the thermalization of absorbed laser 

energy. Another notable observation is the initially fast rise in rT  with laser 

energy/intensity, and progressive rollover for greater values.  For instance, between 100 

and 400 mJ, the radiation temperature increases by ~ 18%, but only increases ~ 11% for 

an equivalent factor of 4 change in incident laser intensity between 400 and 900 mJ.  This 

phenomenon is a consequence of reduced laser energy absorption at higher plasma 

temperature (Eqn. 2).  Inverse bremsstrahlung is a Coulomb scattering process in which 

the cross section for a 90° collision scales inversely with 3/ 2
eT .  Thus, at higher plasma 

temperature, one expects less laser absorption and heating.  Moreover, hotter plasma 

expands more rapidly ( ~S B eC k T ), leaving fewer available particles to interact with 

laser light in the focal region; this too acts to reduce the absorption coefficient through 

the e in n  dependence.   

Comparison with Simulation  

 Radiation-hydrodynamics simulations are carried out with HYADES using the 

same geometry and physics models described in Sec. 5.3.2.  The only change to the 

computational mesh is due to the difference in the experimental focal spot diameter, 

which is reflected in the initial 25.5 µm cylindrical shell radius of curvature.  The 

incident laser irradiance is set to ½ of the experimental value shown in Table 7.1, and the 

pulse width is varied accordingly.   
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 The HYADES-calculated radiation temperature profiles corresponding to those 

shown in Figure 7.7 – 7.9 are presented in Figures 7.12 – 7.14, respectively.  The 

complete scaling of maximum numerical radiation temperature with incident laser 

irradiance is plotted in Figure 7.15.  The best agreement between experiment and model 

occurs at the lowest laser intensity case shown in Figure 7.12, where the code 

overestimates the peak temperature by ~ 25%.  For increasing laser intensity, the 

agreement becomes progressively worse and the deviation exceeds a factor of 2 in the 

highest irradiance case.  The overall numerical scaling of peak radiation temperature with 

laser irradiance is faster than that observed in the data.  In addition to the reasons 

discussed in Sec. 5.4.1, numerical temperatures at high-irradiance exceed those measured 

experimentally because the ionization model within HYADES assumes LTE throughout 

the plasma.  While this is appropriate and has been sufficiently validated for the dense, 

optically thick reemission zone, it is likely in error for the low-density corona of a high-Z 

material like tin [107].  Numerically imposing Boltzmann conditions on low-density 

plasma whose true radiation spectrum is proportional to the population density 

overestimates the coronal radiative emission (cooling), thus artificially elevating 

conversion efficiency and radiation temperature at the ablation front.  This shortcoming 

can be overcome with a more comprehensive modeling approach that explicitly solves for 

the time-dependent ion population levels undergoing collisional-radiative perturbations 

among the electrons.   
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Figure 7.12: Time-dependent radiation temperature profile from HYADES simulation at 
a laser irradiance LI  = 8 × 1011 W/cm2.  Each contour represents an individual Lagrangian 
zone.   
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Figure 7.13: Time-dependent radiation temperature profile from HYADES simulation at 
a laser irradiance LI  = 3.6 × 1012 W/cm2.  Each contour represents an individual 
Lagrangian zone.   
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Figure 7.14: Time-dependent radiation temperature profile from HYADES simulation at 
a laser irradiance LI  = 1.4 × 1013 W/cm2.  Each contour represents an individual 
Lagrangian zone.   
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Figure 7.15: Scaling of maximum numerical radiation temperature with incident laser 
intensity.   
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The evolution of the radiation temperature shown in Figures 7.12 – 7.14 exhibits 

narrower, steeper, and less structured temporal profiles than observed experimentally.  As 

discussed in Sec. 5.4.1, this is due to the code’s insufficient treatment of the strongly 

varying plasma opacity.  While the radiation originates in the optically thick reemission 

zone, a medium whose radiation and hydrodynamics are tightly coupled, the mean free 

path of a propagating photon is not independent of its energy.  The failure of the code in 

predicting the radiative lifetime is most evident at the highest laser irradiance shown in 

Figure 7.14, where the plasma’s temporal response is grossly underestimated.  HYADES 

releases its stored radiation on a timescale comparable to the incident laser pulse, 

masking the true behavior seen in Figure 7.9.  This underscores the importance of a 

detailed treatment of atomic physics in radiation transport, and its necessity in accurately 

modeling radiative relaxation in tin plasma.   

7.4 XUV Conversion Efficiency  

 The radiative plasma energy yield detected in both XUV spectrometer channels is 

plotted as a function of incident laser energy in Figure 7.16.  Within the experimental 

uncertainty, the radiated energy in each channel is linearly proportional to the laser 

energy.  Consistent with a Planck spectrum and the peak radiation power plotted in 

Figure 7.5, the short wavelength spectral component (10  λ   19 nm) dominates the 

emission between 100 and 700 mJ of incident laser energy.  For LE  ≥ 800 mJ, the long 

wavelength component (17  λ   80 nm) is dominant simply because of its extended   

relative temporal duration.  In fact, at the input laser energies of 900 and 1050 mJ, both  
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Figure 7.16: Plasma radiative yield detected in both XUV spectrometer channels plotted 
as a function of incident laser energy.   
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channels exhibit a marked increase in radiative energy output owing primarily to the 

increased emission times shown in Figure 7.6.       

The XUV conversion efficiency in the spectral range 10 – 80 nm is plotted as a 

function of laser energy in Figure 7.17.  The conversion efficiency shows no strong 

variation between 100 and 800 mJ of input laser energy, and exhibits a mean nominal 

value of 24%.  Due to the extended cooling time discussed above, x rayη −  at 900 and 1050 

mJ increases to ~ 34% and ~ 36%, respectively.  Given the strong temperature 

dependence of Planck flux, one expects to observe a trend of increasing radiative yield 

over the entire incident laser energy interval.  However, at higher laser irradiance, the 

increasing radiation temperature shifts the spectrum such that a greater fraction of radiant 

energy appears at higher photon energies.  As such, the limited XUV spectrometer 

bandwidth prevents a complete diagnosis of the radiation spectrum short of the 

narrowband detector’s cutoff.   

 HYADES predicts a conversion efficiency of 91 ± 2% across the laser intensity 

range studied here.  The reasons for the deviation between experiment and model which 

were discussed in detail in Sections 5.4.1, 5.4.2, and 7.3 are related to the code’s one-

dimensionality and insufficient treatment of atomic physics in the radiation transport 

algorithm. 

Before concluding this section, we note the slight difference between the nominal 

conversion efficiencies presented in chapter 5, Table 5.2 and those shown in Figure 7.17 

at 105 and 200 mJ of incident laser energy.  The nominal value of x rayη − in the low-

irradiance experiment ( LI = 4.1 ± 0.3 × 1011) of chapter 5 is 4% higher than that measured  
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Figure 7.17: Scaling of XUV conversion efficiency with incident laser energy.  The 
nearly constant conversion efficiency between 100 and 800 mJ is tied to the linear 
relationship between plasma radiative and incident laser energy depicted in Figure 7.16.   
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at similar irradiation conditions here.  Likewise, the nominal conversion efficiency 

measured in the high-irradiance experiment ( LI = 1.2 ± 0.1 × 1012 W/cm2) of chapter 5 

exceeds that here even though the laser intensities are nearly identical.  Considering the 

uncertainty associated with the measurement of focal spot size in this work and that 

conducted in chapter 5, fD  can be as much as 16% larger for the experiments discussed 

there.  During laser heating, the energetic ions generated in the smaller focal spot expand 

in a slightly larger cone angle, depleting the plasma of potential radiative energy 

otherwise available to the larger focal spot plasma.  Spitzer, et al. [108] confirms this 

conjecture through Sn emission efficiency measurements that reveal a rapid increase in 

conversion efficiency with focal spot diameter (for ~ constant laser irradiance) in this 

multidimensional hydrodynamic expansion regime.  His measurements are spectrally 

relevant to our work as they were carried out at 97 eVhν = , which is equivalent to the 

peak of the narrowband channel response shown in Figure 3.13. 
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Chapter 8 

Conclusions and Recommendations for 

Further Studies 

 In this work, we have used nanosecond ICCD imaging, XUV spectroscopy, and 

optical emission spectroscopy to extensively characterize the formation and evolution of 

laser-produced tin plasma.  A one-dimensional radiation-hydrodynamics and energy 

transport code was adopted to complement experimental measurements.  Our primary 

objectives have been to accurately diagnose plasma conditions through careful 

experimental metrology such that meaningful comparisons with sufficiently rigorous 

computational models could be carried out.  The rationale behind this combined 

experimental and numerical approach has been to investigate fundamental physics by 

identifying the most dominant energy transport mechanisms in the nanosecond evolution 

of laser-induced tin plasma.  Here we summarize the principal results presented in 

chapters 5 – 7.   

 In chapter 5, we have investigated the early-time ( ~ Lt τ ) plasma temperature and 

radiation transport processes in low-irradiance ( LI  = 4.1 × 1011 W/cm2, 1.2 × 1012 W/cm2) 
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tin plasma using an XUV fast-photodiode spectrometer.  At each intensity, the combined 

continuum radiation power measured by both detectors exceeds 2 MW, in which the 

dominant contribution sources from the higher energy, narrowband channel.  Through 

numerical modeling, we have shown that the observed plasma emission is saturated at the 

blackbody limit and originates from the optically thick, radiation dominated ablation 

front behind the critical surface.  From deconvolution of the time-resolved, spectrally-

integrated XUV emission between 10 and 80 nm, we have found that the equilibrium 

temperature in the ablation zone rises from 30 to 38 eV for a factor of ~ 2.5 increase in 

incident laser energy.  The conversion of 1.064 µm laser light to plasma radiation in the 

10 – 80 nm range remained approximately constant at 30% for the same change in 

irradiation conditions. Despite an inadequate treatment of multidimensional 

hydrodynamic transport and electron conduction across the focal spot periphery, 

numerical predictions of the radiation temperature have shown reasonable agreement 

with experimental data.  

While our experimental techniques are sound, improved diagnostics can reveal 

greater detail in the spectrum emitted from tin plasma during laser irradiation.  The 

simplest diagnostic enhancement one can make is extending the continuum pass band 

short of the narrowband detector’s cutoff with an additional XRD filtered in the 1 – 10 

nm range.  This allows for a more complete assessment of the XUV conversion 

efficiency without sacrificing time resolution of the transient spectrum.  The present 

XUV diagnostic lacks high-spectral resolution.  This limitation can be overcome by 

dispersing the XUV spectrum with a grazing incidence spectrometer, and using a 

microchannel plate detector to maintain the required time resolution.  This enables the
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acquisition of the entire XUV continuum spectrum, and facilitates identification of subtle 

spectral features such as discrete spectral lines that the present configuration cannot 

resolve.  Moreover, it allows one to quantitatively confirm, with the enhancement of 

spatial resolution, the optically thick blackbody spectrum emitted from the ablation 

region of the laser-induced tin plasma.  Contributions from bound-bound transitions can 

be accounted for and even exploited to validate the temperatures measured in the present 

work [48].  The assumption of a time-independent focal spot size during laser irradiation 

can be explored using the same principles followed in the XRD filtering scheme.  A 

pinhole camera, filtered in the pass bands of the XRDs provides valuable information 

about the radiating layer.  Specifically, if the detector has time resolution, one can 

determine whether or not the radiating area is time and wavelength-dependent; these data 

can be used to quantify the effects of electron conduction across the optically measured 

focal spot.   

The numerical modeling carried out in support of the XUV experiments discussed 

in chapter 5 has demonstrated the importance of a detailed treatment of ionization and 

radiative transfer in high-Z plasma.  We have shown that operating a radiation diffusion 

code in the gray approximation does not provide enough fine-structure detail of the 

plasma opacity to model photon transport in rapidly evolving tin plasma.  Improved 

accuracy can be obtained by implementing a time-dependent collisional-radiative 

treatment of the ionization balance through detailed accounting of the atomic level 

structure.  After applying the atomic physics parameters generated by these improved 

ionization calculations, a more sophisticated, self-consistent multi-group diffusion 
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approach can be used to model the transport of radiation in which bound-bound and free-

bound profiles are resolved.   

In chapter 6, we utilized nanosecond-resolved ICCD imaging and optical 

emission spectroscopy to characterize the ablation plume at two laser intensities in the 

low-irradiance regime.  We have shown that plasma expansion transitions from spherical 

to cylindrical geometry as unidirectional laser heating dominates the hydrodynamics in 

the long laser pulse experimental configuration.  We have found that in the post-pulse 

ablation plume, eT  is more than a factor of 20 lower than rT during laser irradiation; the 

corresponding reduction in plasma energy density exceeds three orders of magnitude.  

The mean kinetic energy of the ions was found to be about 100 times greater than the 

electron thermal energy, which serves as a lower bound to the ion thermal counterpart 

given the inefficiency with which electrons and ions exchange energy ( i em m ~ 2 × 105). 

The principal hydrodynamic quantities deduced from spectral analysis, viz. , ,e eT n  

and ExpV  have shown almost no dependence upon incident laser intensity, indicative of 

the early-time radiative loss of additional focused laser energy.  Numerical modeling of 

the late-time hydrodynamics has shown good agreement with experimental data at spatial 

positions near the target surface, but exhibits a progressive divergence from observations 

at greater distances.  The primary reasons for this lie in the code’s one-dimensional 

approximation to an inherently three-dimensional hydrodynamic phenomenon, as well as 

an incomplete examination of two-body collisional processes in the low-density corona.     

Tin plasma hydrodynamics can be further explored in several ways.  An array of 

faraday cups, positioned at various angles with respect to the target normal, can be used 
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to understand the angular dependence of ion yield during both the impulsive laser heating 

and hydrodynamic relaxation phases.  Ion spectroscopy using an electrostatic energy 

analyzer complements these measurements with information regarding the plasma’s time-

dependent ionization state and fast ion spectrum, helping to establish a more complete 

energy partition during laser irradiation. The accuracy of electron temperature 

determination through the generation of Boltzmann diagrams can be improved by using 

an ICCD that is sensitive to shorter wavelengths, which effectively extends the spectral 

data to include higher ionization states. This approach has the advantage of verifying the 

present data while simultaneously probing more energetic plasma regions. Pulsed 

interferometric techniques at various harmonics of the Nd:YAG laser driver can provide a 

more complete physical picture of the dynamic evolution of electron density at the 

ablation front.  Furthermore, using dense plasma interferometry and ion spectroscopy 

data in concert with the present rT  temporal profiles serve as the final elements in 

determining the complete time-varying plasma energy balance.  

   An improved radiation-hydrodynamics model including additional dimensional 

degrees of freedom can enable more realistic adiabatic cooling, resulting in the 

convergence of numerical to experimental temperature and density values.  It also 

accounts for the lateral and longitudinal spreading of the focused laser beam from the 

diffusion of electrons in the focal region.  Since the plume admits cylindrical symmetry 

about the expansion axis, these aforementioned improvements to the computations can be 

accomplished with a two-dimensional r-z numerical model.  To rectify the freezing of 

ionization states and stabilize electron temperature in the corona, a more sophisticated 

atomic physics package including dielectronic recombination reactions is required.  This 
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two-body collisional-radiative process must be treated inline with the hydrodynamic 

time-stepping to ensure realistic temperature evolution several millimeters from the target 

surface.   

In chapter 7 we have extended the work presented in chapter 5 by parametrically 

investigating the early-time tin plasma temperature and radiative transport properties as 

laser irradiance was varied by nearly a factor of 20.  Through XUV spectroscopy, we 

have found that the peak power detected in each channel intuitively scales with laser 

energy, and as observed in chapter 5, that the high-energy spectral component dominates 

the emission.  After deconvolution of the time-dependent spectrometer signal, we have 

found that the maximum radiation temperature at the ablation front varies from ~ 35 to 47 

eV across the range of intensities studied.  At low irradiance, the laser and radiated power 

profiles are nearly coincident, indicating that the transport of XUV photons in the 10 – 80 

nm spectral range is not impeded by plasma absorption.  The broadening of the radiative 

lifetime for increased laser energy is evidence of radiation transport processes occurring 

in a medium of strongly varying opacity.  Moreover, the effects of intense spectral line 

emission are likely to contribute to the increased emission lifetimes at the highest laser 

intensities as the cooling process lasts several times longer than the laser heating pulse. 

Radiation-hydrodynamics simulations have shown a faster scaling of peak ablation front 

temperature as well as significantly narrower temperature profiles than observed 

experimentally.   

The conclusions for chapter 5 above are equally applicable to chapter 7.  

Specifically, improvements to the spectral diagnostics can quantify the contribution of 

discrete line radiation to measurements made at the highest laser intensities here.  The 
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observed differences between experiment and simulation can be attributed to two primary 

inadequacies within the model: (1) the assumption of LTE conditions in the low-density 

corona, and (2) insufficient detail in the tin plasma opacity.  Since the real plasma corona 

deviates from LTE conditions under intense laser heating, the artificial imposition of 

Boltzmann statistics results in the faster scaling of radiation temperature seen in the 

computational modeling.  This can be overcome by explicitly solving for the time-

varying ion population levels to capture the true radiative properties of the plasma and 

hence an accurate prediction of the emission lifetime; this is the preferred method of 

solution in lieu of assuming an equilibrium statistical mechanical distribution of such 

emitter levels.                                                                                                                           
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Appendix A 

Alignment for Visible Spectroscopy 
 
 In this appendix, we discuss the multi-step optical alignment technique used for 

visible spectroscopy of the tin ablation plume.  The first section outlines the procedure 

for alignment of the target plane to the spectrograph entrance slit, followed by 

optimization of the optical system used to perform two-dimensional space-time imaging 

of the three-dimensional plume.   

A.1 Target-Spectrograph Alignment 

 To be confident in the spatially-resolved spectroscopic measurements of the tin 

plume, we establish a reference line from which all optical measurements are made.  The 

target plane is then accurately aligned to this reference line.  A simplified schematic of 

the experimental layout showing only the relevant components is provided in Figure A1.   

The first step in the alignment process is to be sure that the target plane is 

perpendicular to the incoming laser beam.  Toward meeting this objective, a micrometer 

stage-mounted helium-neon laser is positioned several meters away from the target as 
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shown in Figure A1.6  The He-Ne beam is passed through a partially transmitting mirror 

M1 positioned at 45°, and two adjustable apertures A1 and A2 such that it strikes the 

target and back-reflects up the original beam path.  The apertures are used to constrain 

the He-Ne beam diameter to ~ 200 µm.  Incremental target adjustments are made until the 

back-reflected beam passes through the apertures and strikes a high bit depth beam 

profiling camera (DataRay WinCamD, 1.4 MegaPixel 4.65 µm/pixel, 14 bit).  At a 

distance of 3 m, optimization of the beam intensity on camera through micro-adjustments 

of the target sample holder guarantees target-beam perpendicularity to better than 100 

µrad.   

Next, the He-Ne beam is aligned to the center of the spectrograph entrance slit, 

after which it serves as the optical reference to which the planar target is aligned.  Before 

continuing, however, the beam must be made parallel to the target plane.  This is 

accomplished by translating the micrometer stage-mounted He-Ne beam in the negative 

Y direction until the beam reflects off of the 45° mirror M2, passes in front of the planar 

target, and retro-reflects off of perpendicular mirror M3.  Mirrors M2 and M3 are 

iteratively micro-adjusted until the incident beam overlaps upon itself on the mirrors, and 

retraces its path through the apertures before finally reaching the camera.  Optimization 

of beam intensity at the camera ensures beam-target parallelism to better than a mrad.   

Course alignment of the He-Ne beam with the spectrograph entrance slit is 

achieved by removing M3, allowing the beam to exit the quartz chamber window, reflect

                                                 
6 It is assumed that the He-Ne beam path has been suitably aligned with that of the pump laser such that 
target-beam perpendicularity refers to the He-Ne laser.   
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off of the 3” enhanced aluminum mirror positioned at 45°, and enter the 20 µm wide, 3 

mm high spectrograph entrance slit.  (At this point, the plasma imaging optics have not 

been mounted in the beam path).  The spectrograph is operated in monochromator mode 

by setting the diverter mirror so that the He-Ne beam impinging on the spectrograph 

entrance slit is imaged onto the photomultiplier tube (PMT) entrance slit.  The high-

resolution 2400 groove/mm grating is actuated into position and tuned to the He-Ne λ  = 

632.8 nm emission line.  Coarse alignment is obtained by optimizing the PMT signal 

observed on an oscilloscope while gross adjustments are made to the spectrograph base.  

 Corrections to this alignment are made by taking advantage of the Gaussian 

spatial beam profile of the He-Ne laser.  Using the micrometer stage upon which the He-

Ne is mounted, we scan the beam back and forth along the Y-axis, tracing out the profile 

and spatially locating the peak in the Gaussian distribution.  At optimal PMT signal, this 

straight line path serves as the optical reference to which the target is aligned, and from 

which all spatially-resolved spectral measurements are made.  Using this technique, the 

He-Ne beam is horizontally centered in the spectrograph entrance slit to within ± 25 µm. 

 Finally, we align the target plane to the center of this established optical reference 

line.  This is carried out by inserting the beam profiling camera into the chamber so that 

the beam is intercepted after passing by the target surface (former position of M3).     We 

profile the He-Ne beam’s intensity distribution and determine its 21 e width using the 

integrated pixel-calibrated CCD software.  Using the real-time beam profile on the 

camera, the Z-axis micrometer on the target sample holder is adjusted (in the positive 

sense) until the target just begins to eclipse the beam.  To position the target at the center 
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of the optical reference line, the target is moved ½ of the 21 e width toward the beam.  

The camera’s perspective of this is shown schematically in Figure A2.  The error in this 

technique is dictated by determination of the beam edge, and is repeatable to within ± 3 

pixels, or ± 15 µm. 

 

 

 

 

Figure A2:  Schematic representation of the CCD camera’s perspective during target 
alignment procedure.  
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A.2 Optimization of Optical Imaging System 

 The optical imaging system depicted schematically in Figure 3.5 comprises two 5 

cm diameter, 35 cm (nominally) focal length lenses, and a 3” enhanced aluminum 

reflector.  In order to achieve the maximum possible spatial resolution in ablation plume 

spectroscopy, we characterize the focal properties of the lenses before inserting them into 

the optical system.  Then, we further optimize plasma imaging by tuning the system to a 

particular spectral line used in the diagnosis of plasma electron temperature.  Taking 

these precautions allows us to circumvent the uncertainty associated with factory focal 

length specifications at wavelengths irrelevant to this work.  

In this procedure, we pass frequency-doubled, λ  = 532 nm Nd:YAG pump laser 

light through each lens (on an isolated breadboard) and focus at normal incidence onto a 

tungsten dummy target.  Green rather than infrared laser light is used to characterize the 

optics because experimental measurements lie in this region of the spectrum.  To 

eliminate the chance of breakdown and the formation of plasma, we limit laser flash lamp 

voltage and attenuate beam energy with a combination of wave plate and cube 

beamsplitter.  A photodiode is positioned near the focal point on target at an angle of ~ 

30° with respect to the target normal.  The photodiode is used to collect radiation 

scattered from the focal spot on target as the position of the focusing lens is varied with a 

micrometer stage.  Since the photocurrent of the diode is proportional to the intensity 

incident on the light-sensitive area, optimal focus of each lens is obtained by adjusting its 

position until maximum photodiode signal is observed on an oscilloscope.  The target-

lens distance or focal length is then accurately measured and recorded.    
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Using the measured focal length values and the He-Ne reference beam, the 

collimating and focusing optics are inserted between the vacuum chamber and the 

spectrograph entrance slit (see Figures 3.1 and 3.5).  The lenses are individually mounted 

on linear translation stages and vertically adjustable posts.  After focal spot imaging of 

the experimental plasma formation lens is conducted (see Appendix B) the laser is test-

fired onto a dummy target to identify the x-y location of the plasma boundary on the 

target surface.  The collimating lens is aligned to the center of the burn mark using the 

experimentally measured focal length.  The He-Ne beam is passed through the entire 

optical system, and the PMT signal is re-optimized as small corrections are made to the 

horizontal and vertical (height of entrance slit is 3 mm) lens positions.   

Finally, we fine-tune our alignment by creating a small, low-energy ( LE = 10 – 15 

mJ) plasma with the pump laser operating at the fundamental, and tune the 

monochromator to λ  = 558.9 nm.  This is a strong tin spectral line lying approximately 

halfway between the upper and lower limits of the spectral band probed in electron 

temperature diagnosis.  The plasma imaging system is optimized by making micrometer 

adjustments to the collimating and focusing lens positions along the direction of plasma 

light propagation, and observing the PMT-measured spectral line intensity on the 

oscilloscope.  Presuming that spectral line intensity is maximum along the plume 

expansion axis, the extremely high-sensitivity of the PMT and the combined alignment 

techniques presented in this appendix allow us to map plasma emission from the center of 

the focal spot at the target surface to the center of the 20 µm wide spectrograph entrance 

slit to within ± 25 µm.                                                                                                            
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Appendix B 

Accurate Imaging of Near-Gaussian Focal 

Spots for LPP Research 

In this appendix, we discuss the optical technique used to accurately measure the 

two-dimensional far-field intensity distribution ( , )I x y  of focused laser light.  This 

parameter commonly referred to as the focal spot size, is crucial in LPP experiments 

because of its role in establishing the incident laser intensity and initial plasma scale 

length.  Since many plasma quantities such as electron and ion temperature as well as 

ionization state scale with laser intensity, this parameter must be well defined to assure 

experimental reproducibility and meaningful comparison to theory.   

B.1 Motivation 

A variety of techniques have been developed for measuring focal geometry, 

including the Foucault knife-edge method [109, 110], burn pattern measurement [111 –

113], and microscopy of craters [101, 114 – 116].  Although the knife-edge method is
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easy to implement, it is not a direct measurement of the focused intensity distribution, 

and assumes a uniform, cylindrically symmetric transverse beam profile.  Most laser 

beams are not pure Gaussian TEM00 modes and may have non-uniformities or intensity 

spikes at varying degrees of focus; when information about the focus quality is necessary, 

knife-edge measurements are not sufficient.  Even in the ideal beam case, this approach 

can only be used to locate an aerial focus, but does not enable the projection of that focus 

onto a solid target for LPP experiments.  The analysis of burn patterns on photographic 

film or target craters using microscopy are by far the crudest methods, and provide no 

means of bracketing the measurement uncertainties.  They are inherently unreliable for 

nanosecond laser ablation because of the thermal and mechanical damage induced 

outside the focal spot on the substrate [117].   Some researchers simply assume an ideal 

laser beam and unaberrated optics and perform either a numerical ray trace, or calculate 

the diffraction-limited spot size.  Unfortunately, the assumption of diffraction-limited 

focusing conditions is only reasonable in rare situations, and will result in an erroneous 

interpretation of experimental data due to overestimated laser irradiance.  We present a 

simple experimental procedure for locating and measuring the focal spot size that not 

only facilitates reliable and repeatable experiments in the field of LPP, but provides an 

alternative technique for determining a laser’s 2M  value.  This method is superior to 

those previously discussed in that it (1) provides a direct measurement of the transverse 

intensity profile of the focused beam, (2) is very accurate, and (3) is readily adaptable to 

both solid and gaseous target experiments.   
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B.2 Experimental Technique 

The following discussion outlines the technique as applied to laser-solid 

interactions while a straightforward modification would accommodate the more general 

case of ambient gas breakdown studies.  Shown in Figure B1 is the experimental layout 

for direct measurement of the intensity distribution at the focus of a positive lens.  The 

procedure is carried out with a Q-switched Nd:YAG laser operated at the fundamental 

frequency.  Since beam divergence varies with flash lamp voltage, it is important that the 

laser energy is set to the value at which experiments are carried out.  To avoid breakdown 

of the target, attenuation of the input beam is accomplished with a combination of wave 

plate and high-power cube beamsplitter, as well as two consecutive ~ 1% beam samplers.  

The first step is to determine the position of focusing lens L1 that produces the minimum 

beam waist radius 0w and thus peak focal plane irradiance.  The beam radius w (½ of the 

focal spot size) is defined as the 21 e  irradiance contour radius in the plane normal to the 

axis of a focused laser beam [118].  An oversized or achromatic focusing lens is 

recommended to eliminate spherical aberration, and should be identical to the optic used 

for the LPP experiment.  A target of known thickness is mounted on the micrometer stage 

S, and a photodiode is positioned a few centimeters away at an angle ~ 30° with respect 

to the target normal.  The photodiode is used to collect radiation scattered from the focal 

spot on target as the position of the focusing lens L1 is varied with the micrometer stage.  

As discussed in Appendix A, identifying the position at which maximum photodiode 

signal is observed on the oscilloscope determines the lens focal length.  Once best focus 

has been found, the depth of focus (2× the Rayleigh range) is determined by scanning on  
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Figure B1:  Schematic of experimental layout used to locate and image the focus of L1.  
The incident angle at the target plane is exaggerated for illustration purposes.  (WP, wave 
plate; cube, high-power cube beamsplitter; BD, beam dump; BS, reflective beam 
sampler; L, lens; PD, photodiode; S, linear translation stage) 
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either side of the beam waist and recording the two positions at which the photodiode 

signal decays to ½ of its peak value.   
To visualize the focus directly, L1 is fixed and the target replaced with a high-

quality mirror (≤ /10λ  wave front distortion) of known thickness.  The micrometer stage 

S is offset by the thickness difference between the target and mirror such that the beam 

waist of L1 is coplanar with the mirror surface.  The second beam sampler is tipped at a 

small angle (3-5°) to expedite the imaging of the focused laser spot.  An auxiliary lens L2 

of known focal length 2f
7 is positioned at a distance of ~ 2f  from the target to collimate 

the reflected laser beam and image the focus onto a CCD camera (DataRay WinCamD, 

1.4 MegaPixel 4.65 µm/pixel, 14 bit).  The working f-number of L2 should be at least 20 

to avoid spherical aberration and provide favorable conditions at the observation plane, 

e.g., a large beam waist and depth of focus.  The CCD camera, which is mounted on a 

micrometer stage, is positioned as far from the target as feasible to increase the accuracy 

of the measurement.  Minor adjustments to the position of L2 may be necessary to limit 

the image distance 'z  to the available laboratory workspace.  The CCD camera is 

translated along the convergent beam until the minimum spot is observed on the output 

monitor; at this distance 'z , the camera monitor displays a magnified image of the 

optimal focal spot on target.  The ideal spacing of L2 and the camera is such that the 

image on the CCD is as large as possible to ensure maximum resolution.  Using 

integrated CCD software or knowledge of the detector’s pixel size enables determination 

of important focal spot image parameters such as the transverse intensity distribution 

                                                 
7 Rather than using the nominal value provided by the manufacturer, it is necessary to measure the focal 
length of L2 at 1.064 µm in the same manner as for L1. 
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( , )I x y  and thus FWHM or 21 e  beam area, and ellipticity.  For maximum overall 

resolution of the focal spot, a high bit depth camera whose pixel size is much less than 

the anticipated image dimension is employed.  Clearly when the latter criterion is not 

fulfilled this measurement technique is not suitable.  To characterize the focal geometry 

of L1 and hence the quality of focus beyond the beam waist plane, the camera is fixed and 

measurements repeated at successive displacements of L1 toward the mirror.  The focal 

spot area at the mirror surface is finally determined by combining the dimensions from 

the calibrated digital images and the magnification of the optical system.   

To obtain the magnification, we initially assume the output from the laser is a 

spherical Gaussian beam, and later quantitatively determine any deviation from a pure 

TEM00 mode by calculating the 2M parameter.  In the paraxial approximation, the 

transmission of a Gaussian beam through an optical component maintains the nature of 

the wave; the beam is only reshaped through alteration of its waist and curvature.  In 

Figure B2, we examine the propagation of Gaussian laser light through a focusing lens L1 

and the auxiliary lens L2 employed to image the focus.  For ease of illustration, the figure 

depicts the propagation of light in an ambient gas breakdown configuration, where the 

reflection symmetry about an imaginary target/mirror plane is indicated.  The laser beam 

is a highly collimated, low-divergence light source such that its Rayleigh range Lz  >> 1f .  

In this limit, a pure Gaussian beam with its waist incident at the lens aperture would be 

focused at ~ 1f  since the wave front at the waist is well approximated by a plane wave 

[118].  Adopting the sign conventions of Self [119], the focused input beam waist is 

denoted  
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Figure B2: Gaussian laser beam propagation through an ideal focusing/imaging lens 
system.  For clarity, an expanded view delineates the variation of beam radius w  along 
the optical axis ξ . 
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as the object and the output beam waist as the image.   The lens formula for a Gaussian 

beam is [119] 

2
0 2 2

1 1 1
( ) 'z z z f z f

+ =
+ −

            (B1)  

where z and 'z  represent the object and image distance, respectively; 0z the Rayleigh 

range of the focused beam; and 2f the focal length of the imaging lens.  It can be shown 

that the magnification M  of the imaged beam focus in terms of the image position 'z is 
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=M                       (B2) 

The most significant but manageable error in this measurement is ascribed to the 

uncertainty in determining the image plane at distance 'z .  The use of a longer focal 

length imaging lens mitigates this by creating a larger transverse beam profile and longer 

depth of focus for accurate beam waist location.  The error associated with the angular tilt 

of the input beam can be neglected in most cases ( cos( ) ~ 1θ ), but should be accounted 

for when fast focusing optics are used.  A helium-neon laser can be used to determine the 

deflection angle and thus the obliquity factor by passing the beam through the optical 

system, and measuring the displacement from its original position in a plane parallel to 

but far from the mirror surface.  

Once the focal geometry normal to the beam axis has been mapped, the mirror is 

replaced with the experimental target and the necessary micrometer adjustments are made 

to the sample holder to preserve the desired focal conditions.  When diagnosing an aerial 

focus for gas breakdown studies, one can proceed in the fashion shown above in Figure 
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B1 and simply remove the mirror before conducting the experiment.  Alternatively, the 

arrangement in Figure B2 can be used where L2 is mounted on a linear stage for an 

iterative determination of best focus through small displacements of L2 and the CCD 

camera.   

B.3 Results 

Shown in Figure B3 is a digitized image at 2.3× magnification of the best focus 

achieved with identical 50.8 mm diameter, f = 31.5 cm plano-convex focusing and 

imaging lenses.  We measure a nearly Gaussian spatial profile on target with a 21 e focal 

spot diameter of 2w0 = 51 ± 1 µm.  The data are fitted to theoretical Gaussian profiles 

along the x and y axes and exhibit correlation coefficients 2
x 0.997R = and 2

y 0.999R = , 

respectively.  A comparison of the best focus value with theoretical Gaussian optics 

predictions determines the laser 2M  factor, a parameter used to quantify the deviation 

from a diffraction-limited beam.  For a single transverse mode Gaussian beam, the 

smallest possible focal spot diameter is given by [118] 

0
42 fw

D
λ
π

=                                                                                                                      (B3) 

where λ  is the laser wavelength; f the lens focal length; and D  the diameter of the 

collimated input beam.  In non-ideal situations in which the laser beam is either multi-

modal or contains high-frequency spatial structure from internal optics, the experimental 

focal spot diameter is a factor of 2M  greater.  Assuming a diffraction-limited laser beam, 

the theoretical best focal spot size for L1 is 27 µm where the 1.6 cm experimentally 

measured beam diameter is used.  The ratio of optimal experimental to theoretical values  
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Figure B3:  Digitized image of 51 ± 1 µm 21 e Gaussian focal spot diameter. 
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reveals an 2M  factor of 1.9. 

Figure B4 is a plot of the focal spot size as a function of distance from best focus 

along the optical axis.  Error bars arise from the uncertainty in determining the image 

plane across ten measurements for each data point.  Note the transition from Gaussian 

wave to geometrical optics for distances less than ~ 1.5 mm.  Outside the Rayleigh range 

of the lens, the data exhibit a high-correlation linear fit (R2 = 0.995) to ray optics 

predictions of an infinitesimal spot size in the limit λ → 0 (Eqn. B3).  The slight offset (~ 

130 µm) from the zero abscissa intercept is a result of the non-unity least squares 

correlation coefficient. 

 To illustrate the errors associated with relying entirely on numerical ray traces to 

characterize focusing optics, we present results from the commercially available optics 

software OSLO Educational (Lambda Research Corporation).  We evaluate an equivalent 

focusing lens at λ  = 1.064 µm using a 1.6 cm input beam diameter under the assumption 

of an ideal diffraction-limited Gaussian laser beam.  The paraxial matrix optics algorithm 

is chosen to map the trajectory of the propagating Gaussian beam.  For direct comparison 

with experimental data, Figure B5 shows the focal spot diameter plotted as a function of 

distance from optimal focus.  The wave to ray optics transition observed in the 

experimental data is not present in the simulation.  As a consequence of the diffraction-

limited focusing constraint, the focal spot sizes calculated by OSLO are significantly 

smaller than those measured experimentally.  The focal minimum predicted by numerical 

simulation is a factor of two smaller than the experimental value, which results in a factor 

of four discrepancy between the real and quoted laser irradiance if simulations are used 

alone.  An error of this magnitude would completely obfuscate the underlying physics we 
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Figure B4: Experimental focal spot size plotted as a function of distance from optimal 
focus. 
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Figure B5: OSLO-simulated focal spot size plotted as a function of distance from optimal 
focus.   
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set out to uncover in laser-produced plasma spectroscopy experiments.   
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