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Abstract 

A laser matter interaction facility was set up. Optical and x-ray diagnostics were 

developed and set up. Laser irradiance at the focal plane was increased to a sufficient level 

by reducing the spot size. The interaction of the laser with various target material was 

investigated by probing the plasma optically and by observing the emission of x-rays. 

Shock wave velocities up to 107 cmls were observed for targets in air using shadow 

and schlieren photography. Electron density measurements of 1019 cm" were made using 

interferometry. X-ray PIN diode measurements show x-ray yields of up to 5% of incident 

laser energy. 

A computer aided schlieren technique was developed and results obtained were found 

to be in consistent with experiment. Shock front displacements obtained from the 

experiments agreed with the results fro111 Hyades, a 1D Lagrangian code. A simpler model 

was developed based on the snow plow model. The results also agree with the experiments. 

Electron temperatures of 70 eV was predicted by Hyades for intensities of 1.4 X 10" 

Wlcm'. However at lower intensities 10" Wlcm', a temperature of only 8 eV was predicted. 

This prediction agrees with the observation of x-rays at 1.4 X 10'' ~ l c m '  in the 

experiments. 
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Chapter 1 

Introduction to the Physics and Applications of Laser 
Produced Plasmas 

Since its invention in 1960, the laser has evolved into one of the most diversely 

used inventions in the last 35 years. Its range of uses covers areas such as medicine, 

co~ninunication , weapon research and many others. The interaction of laser light with 

matter is also an area of growing interest. R'hen radiation from a sufficiently powerful 

laser is focussed onto a volume filled with gas or onto a solid target, a hot dense plasma 

is produced. Interest in this type of plasmas is due to the high temperatures ( up to 

thermonuclea~ ) and the electron densities attainable, and the possibility of observing a 

large number of very interesting phenomenon related to the interaction of high intensity 

radiation with a plasma. Some of these are 

- Laser fusion 

. Physics of dense strongly coupled plaslnas 

. Nonlinear interactions at high intensity of laser radiation with matter 

- Particle acceleration in plasmas 

X-ray sources and their applications 

. X I A r  lasers 

- Sources of ther~nonuclear particles and their applications. 

In the next sections a brief explanation will be given for these areas of interest. 
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1.1 Laser Induced Fusion 

Nuclear fusion is an exoenergetic process during which two light nuclei fuse to 

form a heavier nucleus. such as occurs in the sun and the stars. The general concept of 

laser fusion[l] and the principal scientific problems associated with it are described in 

detail by R L McCrory [2]. 

Much interest has focused on attempts to achieve conditions for controlled 

thermonuclear fusion by compression of pellets filled with deuterium-tritium mixtures 

since the mid 1960s. Two methods [3] are being pursued now. The first is direct drive 

where the laser radiation is focused directly on the pellets containing the fuel to compress 

them by the reaction from the ablating plasma. The second method is to focus the laser 

on to the inner surface of a hollow capsule lined with high atomic number Z (e.g. gold) 

material, called hohlraum. The laser radiation is converted to X-rays filling the hollow 

capsule and this hohlraum radiation then drives the colnpression of the fuel pellet [4]. Ln 

both cases high energy (> 1 MI) laser pulses are needed before ignition can he achieved. 

The research in these areas use relatively long pulses of the order of a nanosecond for 

compressing the fuel and to heat it up to a temperature high enough for appreciable 

amounts of nuclear reactions. Furthellnore the beam parameters such as pulse shape have 

to be controlled to compress the pellet without preheating it significantly. Recently an 

idea for reducing the energy and quality of the laser beams needed for isnition has been 

put forward. This is the fast igniter technique [ S ] .  This techniclue is based on 

compressing the pulse with as little heating as possible. and then starting the fusion 

reactions by in.jecting fast particles into the target. The fast particles can be generated by 

a high intensity laser plasma interaction. To couple the fast particles efficiently into the 

fuel, they should be generated near the centre of the fuel. This can be done by using a 

1 - 
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high intensity beam to bore a hole t h r o u d ~  the low-density corona by virtue of the high 

ponderomotive force associated with the high intensity. Because the size and density of 

the target is matched to the range of the . ,. fast particles, a hot spot can be made in the high 

density material to start the reactions. The energy of the fusion reactions then heats up 

the rest of the target. 

1.2 Physics of Dense Strongly Coupled Plasmas 

With laser heating, a wide range of dense plasmas can be created in the laboratory 

[6] . The physics of dense plasmas, when the Coulon~b interaction energy is significant 

relative to thermal energy, is interesting and relatively poorly understood and has a 

bearing also on astrophysics (see notes from S. J. Rose [7]). 

Expel-imental study in this field has advanced mainly through the use of planar 

laser-driven shock waves. Thin foil targets can be shock compressed and heated, either 

with a single shock from one side. with two sided irradiation in a colliding shock _giving 

higher temperature and density, or with coalescing shocks fiom one side driven by a laser 

pulse whose power increases in one or more steps, giving access to denser plasma states. 

The plasma created in this way is accessible for study by probing, particularly with 

ancillaly lasel--generated X-ray sources. 

Dense, relatively cool plasmas are generally opaque to their own emissions and 

can therefore be studied only by abso~ption spectroscopy. Two approaches have been 

particularly useful. The first is observation of the shift of the K-edge, which is closely 

related t o  the behaviour of the plasma electrons in the non ideal plasma. The second is 

concerned with the X-ray absorption fine s t r~~c ture  above the K-edge. Tliese s~uall  

oscillations in the absorption coefficient originate in resonance between the de Broglie 

3 
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wavelength of the ejected photoelectron and the distance to nearest neighbour ions. The 

separation and the degree of correlation in positions of ions in the non classical plasma 

can be studied from the form of the X-ray absorption fine structure EXAFS spectrum. 

Interesting new work in this area has been reported [S]. 

A further development in this field is the production of dense plaslnas by soft X- 

ray heating rather than shock waves. X-rays from a laser-produced plasma in close 

proximity to a target foil can penetrate the thickness of the foil and give relatively 

holnogeneous heating of the bulk material. This method of heating makes accessible a 

range of plasma parameters different from those produced by shock waves. The density 

is generally lower and temperature can cover a wide range including higher temperatures. 

This niode ofproducing dense plasmas is discussed later in connection with astrophysical 

absorption spectroscopy. 

1.3 Particle Acceleration in Plasmas 

The production of a large amplitude plas~na wave by beating two laser frequencies 

in a plaslna at the plaslna resonance frequency [6] is the basis of vigorous experimental 

investigations [9]. 

Anlong the difficulties that have hindered rapid plogress in this area is a rather 

precise requirement of resonance b e t ~ e e n  the plasma frequency and the laser beat 

frequency which is difficult to realise experimentally. There is also a need for high , 

intensity in the laser to drive the beatwave to an adequate amplitude. Competing 

nonlinear effects present problems. More detailed consideration of the requirements for 

a useful accelerator system has revealed fairly severe practical difficulties in achieving 

adequate efficiency of energy transfer between the laser source and the accelerated 

-l 
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particle beam. and in maintaining coherence of the beatwave over adequate lengths and 

times (Evans [l01 ). 

Although there are difficulties in producing a useful device. this is an excellent 

way to produce, in the laboratoly. large amplitude electron plasma waves and to study 

their amplitude limits and degradation into turbulence. 

Wake Field Acceleration 

An interesting corollary has been the more recent development of the concept of 

particle acceleration in the plasma wave wake field excited by a short duration high 

intensity laser pulse whose duration matches the plasma wave period. The criterion for 

excitation of the wake field does not require sharp resonance. All that is required is a 

laser pulse sufficiently short in duration to approximately match the plasma wave period, 

and a plasma of sufficient density to produce a significant E field when its density is 

modulated at maximum level possible with a plasma wave. 

This new idea is attractive but is heavily dependent on the development of short 

pulse, high power laser technology. For example, for plasma density of 10" electrons per 

cm-' capable of supporting a field of 5 X 10" CIII.', the plasma period is only 300 

femtoseconds. 

1.4 X-ray Sources and their Applications 

Laser produced plasinas emit XUV and X-ray radiation with an instantaneous 

source brightness many orders of magnitude greater than is otherwise available in the 

laboratory, enabling single pulse recording with a wide range of X-ray measurement 

techniques [j]. There is a natural complemental.ity therefore with synchrotron radiation 
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sources which have a much higher average power. The laser sources are applicable to the 

study of transient phenomena requiring resolution significantly faster than the typically 

~nillisecond limit for the most intense synchrotron radiation sources. Laser plasma 

sources, having duration as short as 20 psecs, reduce by many order of magnitude the 

timescale on which rneasurernent can be made. 

A second interesting development involves high average power pulsed lasers, 

notably excimer and YAG systems, operating with pulse repetition rate from a few Hz 

to kHz with pulse energy from a few tenths J to a few J.  Focussing laser beams of this 

class onto a rotating target can produce a repetitive bright source of soft X-rays whose 

average power can significantly exceed that fiorn any other "table-top" X-ray sources 

such as a rotating anode X-ray tubes [ l  l ]  as discussed by O'Neil [l?]. These systems are 

being examined for their potential in applications such as X-ray lithography and X-ray 

microscopy, the latter particularly in the scanning mode. 

The applications of single pulse sources range from contact microscopy [l31 of 

living biological structures 011 the single cell scale thl.ough X-ray abso~ption fine structure 

EXAFS and reflective X-ray absorption fine structure REFLEXAFS of chemical change 

or structural change in materials [l41 and pulsed diffraction studies of the transient [ I s ]  

deformations of crystal lattices. 

There is also an interesting field of application using continuum sources for 

absorption spectroscopy ofplasmas. The previously discussed example of dense plasmas 

is a case in point and an additional recent development, which seems likely to expand, 

is the creation of plasmas in states of astl.ophysica1 interest where heating of the plasma 

is by the more or less black body emission spectrum produced by high Z target and 

consequently the excited state populations of plasma [l61 ions are in local 

6 
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tl~ermodynaiiiic equilibriu~n. Astrophysical interest arises because stellar atmospheres 

are in equilibl-ium with a near black body radiation flux, and their XUV and X-ray 

absorption characteristics are important in the stellar mechanism. Uncertainties in 

theoretical modeling of opacity create a need for laboratory measurements to cross check 

the niodeling. 

1.5 Sources of Thermonuclear Particles and their Applications. 

The~.monuclear particles generated in laser driven implosions themselves have 

interesting applications since the implosion provides a uniquely intense short pulse 

particle source whose thermonuclear particle eniissions ( alpha particles, protons and 

tritons as well as neutrons) are app~.oximately monoenergetic. 

Progress in this field has been aided by the development of large high aspect ratio 

targets (LHART) which have given the greatest yields of neutrons as noted earlier. 

Tliese targets have ratios of radius to wall thickness as high as 400:l and are difficult to 

manufacture in slnall sizes (R - E" ) suitable for the more comlnonly available lasers 

generating several hundred joules rather than the few tens of kilojoules of, eg NOVA. 

A useful development in this context has been the irradiation of 'oversized' LHART 

targets with tightly focussed multibeam patterns to give significantly enhanced yield 

relative to that produced by unifor~n irradiation with overlapping larger focii of [ l  71 the 

same laser power. A very good ther~nonuclear particle source for moderate sized lasers 

has thus been obtained and is facilitating experiments using monoenergetic charged ions 

to probe, for example, hot dense plaslnas to measure fast ion energy loss [ l  81 or thickness 

variations in laser accelerated thin foils to measure the growth rate [ l  91 of the Rayleigh- 

Taylor instability. 
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1.6 Scope and Aim of Work 

T l ~ e  work carried out here centres primarily around the setup of a basic facility to 

conduct laser matter interaction experiments. Diagnostics were also developed in order 

to study the laser matter interaction processes. As ~nuch effort has been put into the setup 

of this facility and the development of primary diagnostics, much work can still be put 

into fine-tuning the diagnostics. Next is a brief summaly ofthe contents of each chapter. 

This chapter started with a basic description of the present areas of interest of 

research workers in the field of laser produced plasmas. This was followed by a brief 

summary of each of the area mentioned. 

Chapter 2 gives a review of the theory and experiments carried out using lasers 

of same ordel- of magnitude as the one used here. This chapter ends with the discussion 

of X-ray production mechanisms in laser produced plasmas. 

Chapter 3 gives a brief description and the physics behind Hyades, a 1D 

Lagrangian code, used to s i~n~llate  the experiments carried out here. 

Chapter 4 describes the theory associated with the diagnostic techniques. A 

detailed mathematical treatment of the deflection of a light ray entering a cylindrically 

synunetrical plaslna is described. This treatment is a key element of the computer aided 

schlieren lnethod which is used in chapter 6. 

Chapter 5 describes the experimental setup. The description of the 1 channel 

CCD based image capture system used for capturing and storing the schlieren, shadow 

and interferoyams will be presented. A detailed sketch of the 3 camera sync generator 

which is at the heart of this system will also be given. This chapter ends with the 

experimental setup for X-ray diagnostics using PIN diodes. 

Chapter 6 reports the results obtained from the experiments and the discussion of 

S 
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the ~t the end a comparison is made between the experimental results and the 

results computed from Hyades. A simpler model based on the snow-plow model is also 

presented. 

Chapter 7 concludes this thesis with a summary of the important points and with 

suggestions for future work. 
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Chapter 2 

Laser Matter Interaction 

2.1 Introduction 

The plasma formed by focusing laser light into a chamber containing a gas 

expands to occupy a substantial volume: which increases if the laser pulse power or 

duration is increased, so that the extra energy is shared among more ~articles.  In 

principle when a laser beam is used to heal a small solid target in vacuum, the small 

target containing a fixed number of atoms should he more readily heated lo very high 

temperatures. However. the interaction hetween the light and the target now takes place 

iniiially in a thin surface layer with very steep density gradients, which may not absorb 

light efficiently. The processes involvcd in the initial stages of generating a plasma from 

a solid target are complex. It is necessary to consider in turn the heating of the target 

while in the solid state. and the subsequent nlelting. vaporization and ionization. With 

high irradiances ionization can occur very rapidly and, since the energy required to ionize 

an atom to its first stage of ionization is small compared to the energy needed to heat it 

io temperatures of some millions of degrees K: in many calculations the initial stages of 

plasma production from a solid targct are ignored and a cold. fully-ionized plasma is 

assumed to exist with ion and electron densities consistent with thc solid atom density. 

The dynamics of plasmas formed from solid ta-gets is governed by the geometry of the 

target and of the laser beam, and of course by the time-dependence of the laser pulse 
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power. The in~roducdon of spherical symmetry involves irnportan~ changes in the flow 

equations which provides a solu~ion to the problem of attaining the very high densities 

and temperatures needed to produce useful yields of thermonuclear energy. 

2.2 Initial Stages of Plasma Formation From Solid Targets in 
Vacuum 

When a laser pulse is incident on an opaque solid target two extreme situations 

may be identified. At very low irradiance, the light causes only a rise in temperature by 

conduction below the surface with no change of phasc. If the irradiance is very great, 

multi-photon ionization takes place at the surface during a few cycles of the electric field 

Between lhese extremes there is a wide varieLy of intermediate situations in which 

changes of phase, the pressure due to vaporization, thennionic emission and shock wave 

generation may be important. Not only the time dependence of [lie irradiance of the laser 

pulse but also the many thermal. optical and mechanical properties of the target matcrial 

and their temperature and pressure dependence must be taken into consideration in any 

complele theoretical treatment of the interaction. 

2.2.1. Thermal Conductivity Calculations 

When light falls on an opaque material. some of it is reflected and the rest is 

normally absorbed by electrons in the conduction band, which are thus raised to higher 

energy states. Energy is then transferred from these electrons by collision with other 

eleclrons and wilh phonons. so tha~  the solid lends to reach an equilibrium at a higher 

temperature. In order that a single instantaneous temperature may be defined at every 
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point, the light must not cause a subslantial change in the internal energy of the region 

where absorption occurs during the relaxation times involved, which are of the order of 

10.'' to I O ~ "  seconds. Provided this condition is satisfied it is possible to discuss 

classically the effects of thermal conductivity on the temperature distribution in the solid. 

In the simplest situation at low irradiances, the target temperature never reaches the 

melting point even at the surface and reasonably accurate calculations may be performed 

using single values for the thermal conductivity and other parameters in the usual 

diffusion equation. Ready [20] carried out detailed calculations of the temperature rise 

due to the absorption of a light pulse using a one-dimensional model. From Ready's 

calculation the depth at which the temperature reaches a tenth of the surface value is only 

a few microns even after 40 ns. The rate of cooling is rapid. the surface temperature 

falling to a quaner of the maximum value in 200 ns. Such rapid changes in temperature 

are accompanied by sudden expansion processes which can generate shock waves in the 

target. These effects have been discussed by Steverding [?l] .  

A one-dimensional model of thermal diffusion is valid only provided the diameter of the 

laser beam at the surface is much greater than the penetration depth during the pulse. For 

most of the laser pulses used in plasma production this condition is obeyed. More 

complicated heat transfer calculations are necessary for situations encountered in welding 

and cutting applications using microsecond or millisecond pulses (see for exanlple Ready 

[221). 

More accuurate calculations must take into account the temperature dependence 

of the optical properties of the target surface. This was done for metals on the basis of 

the Drude-Zener free-electron model bp Libenson et al. ['?I] , who showed that the 
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2.2.2 Effects of Melting And Vaporization 

The next stage in heating a solid targei begins when the target teinperature is 

raised to the melting point. In Inany applications, such as wclding, this transition is of 

course very important. Regarded as a step towards the production of plasma, however, 

the transient liquid phase is not of great significance. The latent heat of fusion is small 

compared with the latent hear of vaporization or the ionization energy. Also, within the 

short duration of a high-powcr laser pulse the molten target material will not be displaced 

significantly. The most impo~lant consideration may well be the change in the optical 

chilracteristics of the surface. Bonch-Biuevich et al. [24] measured the time dependence 

of the reflectivities of several metal surfaces heated by laser pulses: and deduced the 

relationship between the surface temperature and the absorptance of silver. From their 

work. it is apparent that a marked increase in the rate of heating by light of constant 

irradiance must occur when surface melting takes place. 

When the boiling point of the rargel is reachcd more complex effects arise. If the 

irradiance is not too high, the rate of evaporation will not be very great. and the tenuous 

vapour layer evolved from the moltcn or solid surface will not absorb light strongly. This 

situation was investigated by Anisimov et al. [25].  At higher irradiances the initial rate 

of evaporation will be greater, and the resulting vapour density may become sufficiently 

large for the bulk of the incident flux to be absorbed in the region occupied by the vapour 

phase. 

When considering vaporization it is impoilant to ren~eniber that the boiling point 
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of a material is pressure-dependent. The radiation pressure due to a focused laser beam 

absorbed or reflected by a surface can be very great; for example, a pulse of 100 MW 

peak power absorbed in an area of 10-4 cm2 exens a peak pressure of 300 atmospheres. 

Askaryan & Moroz [26];( see also Hughes [27] ) pointed out that, when evaporation is 

taking place, even greater pressures arise due C O  the recoil on the surface from departing 

parlicles. If I is the effective irradiance, v the final velocity of the vapour flow and W,, 

the energy of vaporization and acceleration per unit mass, the recoil pressure is given 

approximately by 

This pressure. known as the ablation pressure, is much greater than the radiation pressure 

by a factor of 104 or more. The boiling point (and indeed many other parameters) of the 

target material under these extreme conditions may only be estimated at present. Optical 

properties may be strongly affected in some materials by transitions from metallic to non- 

metallic behaviour. or vice versa (Mott & Davis [28] ). 

A detailed discussion of the dynamics of the vaporization process has been given 

by Krokhin [29]. 

2.2.3. Thermal Ionization 

The temperature in the hottest region of the vapour generated by the laser pulse 

will rise as long as the local rate of absorption of energy from the beam is sufficiently 

great to overcome cooling bv expansion and conduction (a1 this stage radiative cooling 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



may be neglected). Eventually, the vapour may reach a sufficiently high temperature for 

a significant number oiatoms to be ionized by collisions (the possibility of multiphoton 

ionization is discussed below). If the vapour is still sufficiently dense for thermodynamic 

equilibrium to hold, we may use Saha's equation to relate the densities n,, 11, and 11, of 

electrons, ions and neutral atoms at a temperature T 

Here ti and 5, are the partition functions for the singly-ionized and neutral atoms 

respectively (the partition function is the average value of the degeneracy g over all 

5; 1 states, weighted according to their populations: - nearly always lies between - and 2), 
5 ,  h 

and X is the ionization energy of the neutral atom. In the early stages of ionization. only 

singly-ionized atoms are present, so n,. = \li. 

The strong absorption occurring in a fully-ionized gas is due to free-free 

transitions of electrons in collision with positive ions (inverse Bremsstrahlung). At the 

very low electron densities and high neutral atom densities occurring in a slightly-ionized 

vapour, electrons are more likely to absorb photons during free-free transitions in 

collisions with neutral atoms, which though less effective are more frequent. The 

presence of even a small proportion of free electrons causes a marked increase in the 

absorption coefficient of a gas. and hence an increase in the rate of heating, leading to a 

greater dezree of ionization. and so on. Electron-ion inverse Bre~~~sstrahlung absorption 

soon becomes the dominant heating process. On the assumption that this stage has been 

reached, let us now calculate the rate of heating of a plasma. From Hughes[30]. the net 
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absorption coefficient f o ~  inverse Bremsstrahlung a1 frequency o may be writlen as 

Here the dispersion term is assumed to be cloqe to unity (because the electron density is 

well below the critical value), so that non-linear effects need not be considered. 

Stimulated emission has been allowed for. 

We next insert into (2.3) the value of 11,: found from Saha's equation (2.2) with 

the result that 

Suppose now the laser beam irradiance is I watts cm-'. The power absorbed per unit area 

1 .  
of the beam in a depth l of plasma will be I [ 1 - e -""' ] provided iu- ~t will be 

Orn 

approximately I a,, I. The mean absorption rate per unit volume in this region is 

therefore I a,, watts cm-'. Provided the degree of ioniz,ation is not too large, the total 

number of particles per unit volume will not greatly exceed it. Thus in thermal 

1% equilibrium the mean power absorbed per particle. P, is As may be seen from (2.4) 
",> 

P is independent of density and increases as the temperature rises, as long as the degree 

of ionization remains low. This result was obtained by Archbold et al. [3 l].  

As the temperature rises, the rate of heating increases initially. However, as full 

ionization is approached. the power absorbed per particle begins to fall with increasing 

temperature and becomes density dependent. 
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The initial ionization of a small spherical hydrogen large1 was conside~ered by hlaKiineau 

& Tonon 1321, who took into account the efiects of three-body recombination, which is 

the dominant recomhination process at high densities. 

2.2.4 Multi-photon Ionization of Solids 

The theory of multi-photon ionization in gases has been the subject of many 

reviews [30]. [33], [34]. The very high particle densities occurring in solids, and in 

vapour layers generated by intense light, will cause strong Stark broadening, thereby 

favoring quasi-resonant processes as well as depressing the ionization energy. 

Calculations have been made of the multi-photon photocurrent from metals. on the 

Sommerfeld model, by Silin [35]. Some experimental observations with a gold target 

have been reported by Farkas et al. [36]. 

At very high irradiances tunneling theory shows that ionization can he extremely 

rapid. With neodymium or ruby l a w  light ionization occurs within one cycle if 1 2 1 0 ' ~  

W cm-'. 

The stimulated Raman effect induced by laser light in a dense medium can 

produce anti-Stokes photons of higher frequency. A sequence of similar processes can 

generate high-order anti-Stokes photons of considerably greater energy than that of the 

original laser photons. Mennicke [37] showed experimentally that ruby laser light at 

6943A focused to an irradiance o i  about 10" W cm-'in solid hydrogen, deuterium or 

nitrogen produces anti-Stokes lines up to at least the seventh order in hydl-ogen, the tenth 

in deuterium and the twelfth in nitrogen. all these lying in the region of 2300 A. 
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2.3 Reflectivity of a Plasma Boundary 

Light of frequency w approaching a uniform semi-infinite plasma in which the 

electron density exceeds the critical value 

will be reflected. For neodymium laser light (A = 1.06 pm). n,, = 10'' cm-' while for 

carbon dioxide laser light (A = 10.6 pm), n,, - 1019 cm-' . Assuming that the plasma 

frequency w, is much greater than w and that w is much greater than the effective 

coll~sion frequency v,,* the reflection coefficient is given ( Kidder [38] ) by 

while the penetration depth is given by 

The boundary of such an 'overdense' plasma in a vacuum is not in reality discontinuous, 

and incident light will pass through layers of lower electron density, where it will be to 

some extent absorbed both before and after being reflected. Following Dawson et al. 

[39]. for light of low irradiance such that nonlinear effects Inay be ignored. the 

reflectivity of the plasma is given by 
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here I - is a plane wave of irradiance incident perpendicularly in the z direction 

of the plasma boundary 

I, - is the emerging irradiance after passing through the plasma 

m - frequency of the radiation 

9 - the optical depth of the plasma up to the critical density layer. 

To  get an estimate of the value of !Rw we suppose that the plasma has a uniform 

temperature, and that the electron density var-ies linearly with z, being zero when z = 0. 

From Hughes [30] 

where a,, is the absorption coefficient and 9 is a constant. Now 
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Clearly, the effective reflectivity depends very strongly on the plasma electron 

density profile assumed: if the density initially rises rapidly and then slowly approaches 

a maximum just equal to r l p C ,  the absorption will be significantly greater than in the case 

of a linear density variation over the same distance. 

The frequency of the incident light is also very important. Thus, it follows 

Hughes [30]. if we compare the reflectivities of a plasma boundary (with a linearly 

increasing electron density) for light from a carbon dioxide laser ( h = 10.6 pm) and from 

a neodymium glass laser ( h = l .06 pm) we find that 

1 O4 
3, = (W,.,,) 2.12 

so a plasma which is almost perfectly reflecting for CO,. laser radiation, with W = 
CO, 

0.999, will reflect scarcely any neodymium laser light, the corresponding \.due of 8, 

being about 104. From these considerations it seems that short wavelength lasers are 

preferable for plasma heating. 

Shearer 1401 discussed the reflectivity of the bounda~y for light falling on it 

obliquely. at an angle of incidence 4 ,  to the normal. and found that 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



Shearer also showed that the laser beam is refracted away from the immediate vicinity 

of the critical density layer where most of the absorption takes place, and despite the 

longer path length in the plasma the reflectivity increases with the angle of incidence. In 

these calculations optical resonance absorption was not taken into account. This effect 

reduces the reflectivity, as was shown by Freidberg et al. (411 who considered a plasma 

with a linear density gradient rising from n, = 0 at z = 0 to n, = n, at z = z , , where w ,, 

= w,, . Collisional effects were included by Mueller [42] using the normal value of v,; 

at low irradiances and the non-linear expression for q > 1. This was done for both 

neodymium and carbon dioxide lasers at low and high irradiances. It was found that for 

irradiances three times greater than these values the peak absorptances fall to about 0.5. 

At high irradiances the other non-linear effects such as resonance absorption and 

stimulated Co~npton scattering become important. and the critical density region of the 

plasma may become strongly absorbing. Other reflection mechanisms may also occur at 

high irradiances. Shearer & Duderstadt [43] calculated the fraction of the incident energy 

absorbed by deuterium initially at solid density. for laser pulses over a wide range of 

wavelengths, allowing for the parametric ion-acoustic instability. The computer 

programme took into account the expansion of the hot plasma formed at the target surface 

for 4 ns and 100 ps pulses. The results indicate that short-wavelength laser light is more 

readily absorbed. particularly when delivered in short pulses. 

2.4 Plasmas Formed From Semi-infinite Solid Targets 

We now discuss the development of the plasma formed by a laser pulse incident 

on the surface of a massive solid target. As the laser irradiance increases the nature of 
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¼ he inleraclion changes. Several possible regimes may be distinguished. 

(1) At low irradiances ( I S 10" CM') the rate oievaporation is relatively small 

and initially the tenuous vapour is only very slightly absorbing. For short pulses, 

the theory which discusses distributions of density and laser irradiance at the 

target surface has been discussed by Basov et. a1.1441. For pulses lasting several 

microseconds Vilenskaya & Nemchinov (451 predict that the effects of increased 

absorption in an outer layer of evaporated material, condensed as a result of 

adiabatic cooling, can lead to complicated pressure oscillations in the vapour. 

The effects of thermal conductivity in the vapour under these conditions have 

been discussed by Volosevich & Levanov (461. 

(ii) As the irradiance is increased the vapour will become ionized and optically 

moderately thick and will tend to shield the target surface. However, if the 

fraction of the laser flux reaching the surface is thus reduced the rate at which the 

target material is evaporated is also reduced. so as expansion proceeds the optical 

density falls allowing a larger proportion of laser light to penetrate to the surface 

and generate a denser vapour. The balance between these effects leads to a 'self- 

regulating' regime first discussed by Krokhin [47][48]. A shock wave may be 

created in the solid by the ablation pressure and a dense layer of cool material 

develops near the surface which increases in thickness as time proceeds. 

(iii) At even higher irradiances the plasma is generated and heated to a ver). high 

temperature in a thin absorbing layer at the surface of the dense region. This 

layer has only a small optical thickness, so the self-regulating process no longer 

occurs. The absorbing layer may be treated as a laser-heated deflagration front 
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moving into the target behind the shock front (Kidder [49]. Fauquignon & Floux 

[SO]). 

(iv) At very high irradiances non-linear thermal conduction by electrons becomes 

important. If the rise time of the laser pulse is sufficiently short a region of high 

temperature extends into the target before any significant flow of target material 

can take place (Zeldovich & Raizer [5l] ) 

The first regime does not produce very hot plasmas and will not be considered 

further, the last three regimes are discussed next. 

2.4.1 Self-regulating Plasma Evolved From Shock Compressed Surface 
Layer 

Here we shall follow the analysis given by Caruso & Gratton [52]. Other treat- 

ments have been given by Afanas'ev et al. [53][54], Caruso et al. [55], Afanas'ev & 

Krokhin [56] and Krokhin [29]. 

Assuming that we are concerned with processes taking place near the focus of the laser 

P,, I P, P: 1 

Figure 2.1 : Self-regulating plasma produced from laser-heated solid 

beam, within the Gaussian waist, a one-dimensional treatment is appropriate for short 

pulses ( Nemchinov [57] ). The solid target has an initial density p,,, and the velocity of 

PO 

+ 
1'2 

p2 

- 
U1 

p ,  
Luser l ight 
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the shock wave propagating within i t ,  away from the light source, is U in [he laboratory 

trame of reference. The strongly absorbing layer, a partially-ionized plasma in which n, 

= n,,, has a density p,. The plasma, which is assumed to be fully ionized, is described by 

its mean density p,. its temperature T ,  (assume T ,= T ,) and its mean velocity of 

expansion from the surface of the dense layer U, (towards the light source, so U, is 

negative). It is assumed that p7 << pc,: that the plasma frequency is always less than the 

frequency of the incident light; and that the energy needed to ionize unit mass of the 

target, W,, is small compared to the total energy per unit mass supplied to it. The mean 

velocity of expansion of the plasma is taken to be equal to the isothermal sound velocity, 

i.e. 

m, being the ion mass. A single species of ion of charge equal to Z proton charges has 

been assumed; Green [58] has shown that this does not lead to serious errors. 

The irradiance I. which is assumed not to vary with time. is absorbed in a charac- 

I teristic length -. Reflection is ignored. We may write 
''01 

where Y is a constant. 

Dimensional arguments are now used to relate the quantities p, and U, to the 

dimensionally independent parameters % I and the time t. Any dimensionless quantity 
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must be regarded as time-independenl because no dimensionless quantity can be formed 

from I and t. Thus the ratio of the thickness of the plasma I,, to the absorption length 

1 - , must he a constant, i.e. 
flu 

/,a, = c,, 2.16 

Also i t  is found that 

and 

where c ,  and c,: are constants to be determined. 

For the total mass of solid material converted into plasma per unit area of surface 

up to time t we have 

Also the pressure in the plasma 

It is possible to relate c ,  and c,, to c, At time t 
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If the energy delivered to the solid is ignored compared to that delivered to the plasma, 

the power balance equation is approximately 

Then from (2.22) and (2.24) 

On physical grounds, c,,, is unlikely to be very fa from unity. If c,><<I the plasma 

will be transparent, and the laser energy will be largely available for producing more 

evaporation, causing the plasma density, and hence the absorption coefficient to increase. 
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If c,,>>l the plasma will be almost opaque and little funher evaporation can occur, but 

continued heating and expansion of the plasma will cause the absorption coefficient to 

decrease. We have therefore a self-regulating system. In view of the large powers of c ,  

and c: in equation (2.25) it is reasonable to take c,  - c, = 1. 

Let us now consider the shock wave generated in the solid. The equations of 

conservation of mass and momentum to relate conditions on each side of the shock front 

are given as 

The initial pressure in the unperturbed solid p,, has been ignored compared to the 

pressure p, driving the shock wave. Also, p, = p, depends so weakly on the time 

(expression (2.20)) that it may be regarded as a constant. Solving (2.26) and (2.27) we 

obtain 

and 

~ 2 :  - 
P1 P.J P , ,  l P,, 

The velocity U ,  of the dense surface layer is due almost entirely to the pressure exerted 

27 
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by the expanding plasma. The velocity V,, with which the surface retreats into the shock- 

compressed solid as the result of ablation alone is given by 

I [ :) 'which is normally very small. Given a sufficiently large irradiance, the resulting 

None of the laser light actually penetrates the dense surface layer. so the power delivered 

shock wave can nevertheless produce strong ionization in the solid, provided 

to it per unit area is just p, l rr, l = I 

A necessary. though not sufficient condition for this to be true is that I > p 11, W,. i.e. 
0 - 

I 4 - 
I > (CT~)'(~,,W~)'. Caruso & Gratton estimated that this model is valid for pulses 

lasting a few nanoseconds with 10' I 1 I 1014 W cm" for hydrogen isotope targets. In 

we find that the fraction of the laser pulse power reaching the dense layer is less than 

U l - 

this range the radiation pressure is small compared to p, 

from (2.18) and (2.20). Thus, making use of (2.28) 

Detailed computer calculations based on a similar model were reported by Kidder 

[49]. who found good agreement with the PI-edictions of expression (2.19) for the 

pressure induced in deutesiium by light fluxes of 1013 to 1014 W c~n~ ' .  Mulser & 
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W~tkowski [59] using another vely similar model. alqo carried out numerical calculations 

on the pla51na produced from a hlock of solid hydrogen by ruby laser light of irradiance 

1012 W cm-2. More detailed calculations were made by Mulser et al. (see Biichl er al. 

[60], Mulser et al. 1611 ) for plasmas produced from solid deuteriuin bv neodymium laser 

light 

Mulser et al. [61] clu~ied out numerical calculations for I = 10'' W cm-' and found 

that thermal conductivity effects become important when the irradiance exceeds 10'' W 

cm-2. Similar calculations for lower ruby laser irradiances (= 10" W ). which took 

into account the energies of vaporization and ionization, were made for aluminum targets 

by Goldman et al. [62]. 

For a laser pulse lasting several nanoseconds focused to a spot of diameter much 

less than a millimeter, the one-dimensional inodel is not appropriate. Lateral expansion 

was first taken into account bv Nemchinov 1571 . Puell [63] considered a model in which 

the three separate regions are distinguished , the undisturbed target (I) a region of one- 

dimensional flow at high density, near the surface, in which most of the heating takes 

place (D): and a region of three-dimensional approximately adiabatic. expansion (III). The 

b o u n d q  between regions Il and EI is arbitrarily taken to be at a distance from the target 

surface which is equal to the focal spot radius r, . Puell obtained a steady state solution 

and found that for a laser irradiance I the maximum value of the electron temperature, 

which occurs at the boundaly between regions I1 and Ill. is given by 
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T 
Here C is a fiiclor which depends on [he ratio 2, and varies from I when T, = 0 

T ' ' r h r n  T - T C  Thr total numbcr ofparL;rks dcrarhcd by the laser pulse. N. 111 - z 
is given by 

and the expansion energy of an ion 

Wi = 5 2 1 ~  T 
8 emx 2.35 

The parameter IJ is equal to 2.5 X I O ~ "  c.g.s. units, m,, being the frequency of 

the laser light and a,,,,,, that of a ruby laser. 

Caruso & Gratton [52] considered the case of a target of limited radius I, . in a 

laser beam focal spot of much larger radius and obtained a result similar in form to (2.33) 

with r,.replaced by r,. For the rate of produclion of plasma, their result corresponded to 

the differential of expression (2.34) with respect to time, r, being replaced by r, the 

instantaneous radius of the dense phase 

2.4.2 Deflagration Preceded by a Shock Wave 

Let us now assume that the laser irradiance is sufficiently great, and the pulse 

sufficiently short, for the plasma produced to be very hot and thus transparent to laser 

light. At constant irradiance the absorbing surface of the dense I-egion moves into the 

tal-get as a laser-heated deflagration wave. This regime has been investigated in one 

dimension by Fauquignon Yr Floux[50]. and also by Bobin [64] on the basls of Fraser's 

[65] theory of radiation fronts. 
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The process may he understood if the regjon of the P - Vdiagram below P = l is 

considered using the shock wave theory. In a deflagration wave the energy supplied to 

the wave produces an increase in volume and a decrease in pressure, in contrast to a 

detonation wave. The Chapman-.louguet point C' now determines the maximum 

allowable velocity for the deflagration wave in the solid: a steady deflagration can 

propagate at any lower velocity. The greater the energy input per unit mass. the lower is 

the velocity: F'C'G' is moved further to the right. 

It may be shown (see for example Courant and Friedrichs [66]) that a deflagration 

wave is preceded by a shock wave. Thus the velocity of the deflagration wave in the 

laboratory coordinate system, in which the solid target is initially at rest, can exceed the 

Chapman-Jouguet velocity, since the deflagration propagates in a medium already 

moving in the same direction. U, and U ,  are the shock and deflagration velocities, U ,  is 

the velocity of the material behind the shock wave and u2 the velocity of the plasma near 

the deflagration front. all in laboratory coordinates. Using the treatment described in 

Hughes [30] . the plasma ion temperature can be written as 

where E is the atomic mass number of the ions and R is the gas constant per mole, 

5 7 assuming a fully-dissociated plasma. For a solid deuterium target. = 2.  y' =- y = -, 
3 '  5 

p, = 0.17 g cn~.', and if neodymium laser light ( h= 1.06 pm) is used to heat the 

deuterium p? = 3.4 X 10 g cm'. R, the gas constant. is 8.3 X 10' erg deg " mole-'. Then 
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Here I is in ergs cm-* S-'. These values depend on the laser wavelength A, through 
4 - I - 

p, - neC A,:', so T, varies as A: while U, and U,, vary as A: . The same dependence 

of the temperature on the laser irradiance was deduced for large fluxes by Pueli [63]. 

The structure of the deflagration front was investigated analytically by Bobin [64]. 

Viscous effects were found to be unimportant compared to the effects of thermal 

conductivity. The temperature and density profiles across the front were obtained. For 

neodymium laser light the characteristic thickness of the front Az was found to be given 

by 

for a soIid deuterium or deuterium-tritium target. The time required for the front to 
- 

develop in deuterium is about 2.5 X 10-'" T,' S, with T in K, and for nanosecond 
("2, ~ " , ~ , x  

pulses is generally short compared to the pulse duration. 

The rate of neutron emission from the heated region, of volu~ne V, in deuterium is given 

3 
11;- 

R 1,' = cons/. - (ou) V 2.39 
2 

Since V - Az and ( u u )  - ~ , 7 ~  at telIlperiltures from 0.5 to 1 keV, 
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- - 
But from (2.36) T I ' , so 

( T ,  l keV) 

For a fixed pulse duration r,, therefore the total neutron yield 

5 
R V r ,  = WL 

( K, = const. . T, S 1 keV ) 

W, heing the laser pulse energy. This result was given by Bobin [67]. At constant pulse 

cncrgy, in the region of validity of this model. 

( T, = const. , T, l keV ) 

Bobin et al. [671 also used the model to calculate the nuclear energy yield from a solid 

D-T target heated by neodymium laser light. 

Deflagration wave theory was extended by Colombant & Tonon 1681 to deal with 

plasmas formed from high-Z target materials, where significant proportions of the 

incident energy go into multiple ionization and also into Brernsstrahlung. recombination 

and line radiation. Detailed calculations were made for carhon, iron and uranium. 
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2.4.3 Thermal Wave Followed by a Rarefraction Wave 

We turn now to the effects of laser pulses of even higher irradiance. such as are 

generated hy mode-locked ruby and neodymium lasers. The duration of such a pulse is 

measured in picoseconds, so even though the energy in the pulse may be only a few 

joules the irradiances attainable in the focused beam can be extremely large. A pulse of 

l 0  J lasting 10." S: focused into an area of 10-4 cm2 , implies an electric field exceeding 

l OY V cm-'. 

When the leading edge of such a terawatt pulse is focused on the surface of a solid 

target, all the surface atoms in the focal spot are ionized in less than a cycle of the laser 

light. Indeed, as was remarked bv Bunkin & Kazakov [69], the focused pulses can only 

interact with a plasma. The surface might then be expected to become almost perfectly 

reflecting (Bunkin [70]), since the density of surface electrons will be roughly that of the 

solid atoms, which exceeds the critical density for ruby or neodymium laser light 

( I I ( ~ ~ .  - 10" crn -3 ). However, it is in fact observed experimentally that much of the 

1asel.pulse energy is absorbed by the target. It is assumed that the energy is delivered to 

the surface electrons throuph one of the non-linear processes. 

The duration of the pulse is generally shorter than. or comparable with. the 
- 

electron-ion momentum transfer time t,, of a hot plasma: re, = IO-"  T,' s , where T, 

is in eV (Spitzer [71]. p. 135). However. the pulse is usually longer than the electron- 

electron them~alization time. We may therefore speak meaningfully about the electron 

temperature at the end of the pulse. When the electrons are heated extremely rapidly, 

marked deplutures from ionization equilibrium must be expected. This is not important 

for hydrogen isotope plasmas. which are fully ionized relatively easily but should be 

taken into account for heavy atom plasmas. The theory has been fiiven by Afanas'ei~ et. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



al. 1721. 

The energy of the hot electrons produced by the pulse is transmitted by collisions 

to electrons in the interior of the target. The mean energies of the surface electrons will 

gl-eatly exceed the first ionization energies of the atoms of the target, and so we may treat 

the solid initially as a cold; fully-ionized plasma so Far as its thermal conductivity is 
- 

concerned. The electron thermal conductivity is temperature dependent, varying as T,' . 
so conduction by this process, sometimes known as an 'electron thermal conduction 

wave', is non-linear and gives rise to a temperature distribution of 

where T,, is the te~nperature at the surface and may be regarded as almost constant except 

near the boundary at z,. 

Zeldovich & Raizer [5 l], Caruso & Gratton 1731 and Babuel-Peyrissac et al. 1741 

considered the heat transfer problem for one-dimensional heat flow-usually a satisfactory 

approximation for the short time scales involved. The atoms of the tarset are assumed 

- 
to be singly ionized and of mass -m,. The heat flux in the plasma due to the electron 

thermal conductivity is (Spitzer [7 l ] ,  p. 144) 

where a = 2 x lO-"n c.g.s. K units. 

If  a laser beam of constant irradiance I is fully absorbed at the surface. ZeIdovich & 

Raizer [ 5  11 have shown that 
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2 5 7  - 
9 7 4  z ,  = consl. p 1  l 

and 

? 4 2 - 

Tc,T - const. p - ' ]?it< 2.46 

For a very short laser pulse which delivers energy W' ergs , essentially 

instantaneously. Caruso & Gratton [73] find that 

and 

where nn, is in c~n.'. The average value of the temperature up to the boundary. 

Te = 0.8OTt, 

At the same time the electrons begln to transfer energy to the ions by collisions. 

Also the heated region begins to expand, a rarefaction wave moves into the target from 

the surface. If the electron temperature is sufficiently high. the electron thermal wave 

plnpasates more rapldly at first than the rarefaction wave, but slows down and is 

eventually overtaken. As soon as this 'hydrodynamic separation' occurs. rapid cooling 

ensues. The rarefaction wave will catch up with the inner boundary of the heated layer 

at a time t, such that 
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Then 

i Here W' is in erg cm-2, n, in cm-- . 

For a steady laser irradiance 1. incident on a solid deuterium target, the corresponding 

conditions for separation have been found by Babuel-Peyrissac et a1.[74] to be 

Here I is in ergs cm" s ' and n, in cm-'. 

In this discussion the relatively slow heating of the ions bv the electrons has been 

ignored. As the plasma expands more and more of the total energy will be given to the 

ions, but at the same time it will be converted from thermal to radially-directed kinetic 

energy. 

The full numerical computing code used by Kidder [49] fhr plasmas produced 

by nanosecond pulses was applied to picosecond pulses by Shearer & Barnes [75]. This 

two-fluid code allows for hydrodynamic effects with different electron and ion 
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temperatures and for the efiecrs oi elecaon thermal conduc~ivity. Several different initial 

density profiles at the deuterium target surface were put into the programme, with 

different reflection coefficients. to simulate the effects of precursor light leaks from the 

laser before the main pulse arrived (an important practical problem). The pulse durations 

were varied berween 6 and 750 ps. The spatial distributions of the electron and ion 

temperatures were calculated at several times and from the known cross-sections for D-D 

nuclear reactions the neutron yield was obtained. I t  was found that the number of 

neutrons emitted should depend mainly on the amount of energy absorbed from the laser, 

and not on the details of the density profile. Under some conditions, however, the density 

gradient allowed the formation of a shock wave, and ion temperatures as high as 10 keV 

arose in the outer region: this gave only a small additional contribution to the neutron 

yield. The total neutron yield as predicted by Shearer & Barnes [75] is also rather 

insensitive to the duration of the pulse. The laser energy absorbed per unit area was 

about 92 J mm'. The presence of a region of high density at the temperature front 

indicates that a shock wave has formed, preceding the rarefaction which is moving into 

the target from the surface. The average velocity of the bounday towards the laser up 

to this tirne is about 2 x 107 cm S-', which is not very different from the mean thermal 

velocity of the ions. 

Zakharov et al. [76] estimated the maximum ion temperature attained in these 

plasmas by including the effects of electron-ion collisions, making use of average values 

of the electron and ion temperatures in the heated layer.Tc and 17, . and assuming that the 

maximum temperature is reached before any gas dynamic process becomes important. 
I - 

The value of ( T;llliAx varies as W'? The thickness of [he heated layer 

when 7, = ( 7,) is given by 
lmnr 
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The time during which the ion temperature remains more or less constant near ( T , )  is 
mar 

determined by the onsei of the expansion process, and is given by 

These results together with the nuclear reaction cross sections enabled Zakharov et a1.[76] 

to calculate the neutron yield to be expected from plasmas generated from solid LiD and 

D,. targets by pulses of 6 ps duration. That results may be seen to be in good agreement 

with those of Shearer & Barnes [75] . Somewhat higher ion temperatures and neutron 

yields are predicted from plasmas in which some heavier atoms are added to the 

deuterium or lithium deuteride (Zakharov et al. [76]). 

Zakharov et. al. [77] also calculated the neutron yield expected from solid 

deuterium and lithium deuteride targets. assuming that the laser energy is deposited 

instantaneously at a point on the target surface so that a hemispherical region is heated 

by conduction. The results show that the total neutron yield is approximately 

proportional to the square of the laser pulse energy. in contrast to the prediction of 

deflagration wave theory (expression (2.42)). The effects of very short pulses have also 

been discussed analytically by Anisimov [78] and by Plis et al. [79]. 

2.4.4 The Limit of Thermal Conductivity 

The simple concept of thermal conductivity may cease to be valid at very high 
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irradiances. Salzmann [SO] has pointed out [hat the heat transport across a plane is no 

longer determined solely by the local temperature gradient if the gradient changes 

significantly within a distance equal to A,, the mean free path for electron-electron 

collisions. Thus rhe Fourier theory of heat conduction is invalid if 

Also, an electron temperature gradient is accompanied by an electric field 

and Bickerton [8 l ]  has noted that if 

which is equivalent to expression (2.55),  some of the electrons will he accelerated to such 

high energies that their mean free path for consequent collisions will be very long: they 

are said to have 'run away' or 'decoupled'. 

The heat flux H arises from an asy~nrnetry in the electron velocity distribution, 

and Bickerton remarked that it cannot exceed the product of the random flux of electrons 

in one direction across the plane and their mean thermal energy. Thus as an upper limit 

we have 
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on the understanding that the electron velocity distribution Inay not in fact be 

Maxwellian. Very approximately the same value of tI,;,, is obtained if the usual 

expression (2.44) for the electron thermal conductivity is taken with the limiting 

d T Te 
temperature gradient 2 = - 

dx h ee 

Such severely distorted electron velocity distributions may well allow instabilities 

to grow. Bickerton concluded that if Te X Ti ( as is usually the case in laser heated 

plasmas ) the ion acoustic instability could develop, given sufficient time, limiting the 
I 

energy flux to a value of about [ -1 H , , , ~ ~  . 

In a plasma with a steep density gradient intense laser light is most strongly 

absorbed in a layer where the electron density is close to the critical value, determined 

hy the laser wavelength. Thus the maximum laser irradiance which can be assimilated 

by thermal conduction in the boundary of a dense plasma depends on the wavelength and 

on the electron temperature. 

2.5 Plasmas Formed from Thin Solid Films 

When the target material is of finite thickness I the results of sections (2.4.1) and 

(2.4.2) will apply up to a time 

when the shock wave generated at the front surface (nearest the laser) will reach the other 

surface. The ablation of the front surface to form a plasma will reduce the thickness of 

the dense layer to zero in a time 
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According to Caruso & Grat~on [52].  in the self-regulating regime of Seclion (2.4.1) 

while the deflagration wave theory (Fauquignon & Floux [50]) gives 

I - 
'a - ( y ' + l ) ( y  + l )  P,, 2 - - 
IS [ zy l  K ]  ) ) l  

C 
where y is the adiabatic exponent =A and y' is the adiabatic exponent for plasma 

If the momentum transferred to the target by radiation pressure may be ignored, the total 

momentum of the entire system, solid, dense phase and plasma together, must be zero. 

This fact is very useful in analysing the development of the plasma between t,, and t,,. 

Up to t, ihe rate of change of momentum of the plasma towards the laser is balanced by 

the recoil pressure, which generates the shock wave in the solid. After t,. the momentum 

of the plasma must be balanced by the momentum of the entire dense phase, which in 

Caruso 6r Gratton's model is characterized bv average quantities. In reality, further waves 

must propagate in the dense region, and a very complicated situation arises. Caruso & 

Gratton simplified the problem by supposing that the equation of motion isjust 
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. .. - 
where r r ,  is the average velocity or the dense phase in the laboratory frame of reference. 

A good approximate solution may be round by supposing U, ( the expansion velocity of 

the plasma from the surface of the dense phase, towards the laser ) to be independent of 

time ho that 

- 
11, = u,ln l [ "P,:; ) ]  

The laboratory-frame velocity of the element of plasma emitted at time t is 

U,,, = I d 1  + 14, - 

The first layer of plasma is thus emitted towards the laser with velocity close to U,. As 

more and more of the target is converted into plasma, i.e. as M' increases U,, falls, 

reaching z.ero when M' = 0.63 p,,/ and then increasing in the direction away from the 

laser. An approximately symmetrical plasma is generated. provided the duration of the 

laser pulse is not less than l,. 

Mulser & Witkowski [81] and Mulser [82] computed the behaviour of plasmas 

produced from a 50 pin film of solid hydrogen by light of irradiance 101'W cm-'. In this 

calculations they took into account the compressibility of solid hydrogen (the pressure 

generated is of order 10: atm) and the effects of heat conduction. and in their second 

paper the Saha equation was used to determine the degree of ionization. On integrating 

expression (3.30) for the ablation velocity with respect to time we find that the depth of 
I ?  - - 

ablation accol-ding to the Caruso & Gr~tton theory should vary as 1 r . The 
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limitations of one-dimensional theory for small focal spot diameters have been discussed 

qualitatively by Sigel [83]. 

Zakharov et al. 1771 considered the cast. o f a  thin foil in which all the electrons 

ale heated ton  temperature T,,, by a short, very intense laser pulse before any expansion 

or energy transfer to the ions can take place. The ions are subsequently heated by 

collisions and cooled by expansion. The maximum ion temperature achieved was 

calculated as a function of T,,,. The results for a lithium deuteride plasma 10~' cm thick 

with n, = 10" cm-' shows that the maximum ion temperature attained. however high the 

initial electron temperature, is about 215 eV. and this could only be increased by 

increasing the initial thickness of the plasma. 

2.6 Spherical Plasmas with Uniform Temperature 

Calculations of laser heated plasma dynamics were first presented by Basov [84] and 

Krokhin [48], who considered the heating of a small spherical target . Similar results 

were obtained by Dawson [85] : and by Engelhart [86]. In these early calculations a 

simple model was used. The target is supposed initially to be small , spherical, cool but 

fully ionized plasma of radius r, and mass M at a critical electron density n ,, The 

temperature T and the particle densities n,: ni within the plasma are assumed uniform: and 

the laser energy is supposed to be delivered to the plasma at a constant rate P,,. Radiation 

losses are neglected. The work done by the plasma pressure p in expanding the plasma 

is taken to he equal ro the increase in kinetic energy of radial motion of the plasma. Then 

if the radius of the plasma boundary is r, 
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Here ;i? is a modified value for the total plasma mass, which allows for the fact that there 

must be a radial gradient of radial velocity. Since the plasma density is assumed to be 

uniform, if we take the local radial velocity at any instant to be proportional to the 

distance from the centre we fjnd that ;i? = - M .  For the pressure we have 
5 

The mass of an electron may be neglected compared to that of an ion, so 

If the ions have an average charge of Z proton charges, n, = Z ni and the total number of 

particles in the plasma 

Some of the energy supplied by the laser is converted into energy of radial expansion. the 

rest raises the temperature of the plasma. Thus 

dr,, 3 , (IT 
P,, = 4xr;-p d /  + -hK - 

2 " d r  

d rl, Setting T = 0 and - = 0 when t = 0, these equations may be integrated with the 
d l 
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and 

For small values oft ,  ; << F r"; w e  may write 

while for large values of t 

~ N K ~ T  
So for long laser pulses the energy converted into thermal energy of the plasma. 

2 

is only equal to a quarter of the total energy. Pot, supplied by the laser pulse. The 

remainder is in the form of radially-directed kinetic energy. 

When the laser pulse ends. or when the plasma becomes transparent. no more 

energy is given to the plasma. If we suppose that heating stops suddenly at time t,, when 

T = T,,. and r = r,,. the subsequent expansion may be calculated with the result that 
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The validity of the model depends upon the dimensions of the target and upon the 

frequency, duration and power of the laser pulse. It is necessary for the product of the 

diameter of the plasma and the linear absorption coefficient of the plasma at the laser 

frequency to remain not less than about unity throughout the interaction otherwise the 

plasma will be transparent to the laser pulse. For neodymium laser light focused in a 

plasma with n, = 10" c m 3 ,  at a temperature of 10%, the absorption coefficient a,, 

(Hughes [30] p. 44) is several hundred cm-', so plasmas as small as l00 pm in diameter 

will absorb stl-ongly. Haught & Polk [87] improved the model used above. by taking into 

account the effects of radial pressure gradients on the spherically-symmetrical plasma 

expansion and allowing for the time dependence of the laser pulse power, while retaining 

the assumption of a uniform (though time-dependent) temperature throughout the plasma. 

They also allowed for the fact that with a very small target the expanding plasma 

intercepts an increasing area of the laser beam cross-section as it expands. (This effect 

was also considered by Askaryan & Tarasova 1881 ). Fader [89] developed the theory 

further, using a hydrodynamic model. The equations were solved numerically, and also 

by separation of the variables. yielding solutions which were i n  good agreement. The 

density and pressure distributions were found to be very nearly Gaussian except for 

deviations imposed by the conditions at the plasma bounday. The radial velocity 

distribution was linear. Haught & Polk [90] later developed a simpler similarity model 

in which the density and velocity profiles were assumed to take the asymptotic forms 
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found from the hydrodynamic calculations. They used the earlier integrated form of the 

lnotnentum and energy equations. but took into account the finite electron-ion collision 

time and found both the electron and the ion temperatures. In both cases the target is 

taken to be a speck of lithium hydride of 10 pm radius, and the half-intensity radius of 

the Gaussian laser beam is also 10 pm with (a) a laser pulse peak power of 1 GW and a 

rise time equal to ihe half-intensity duration of 17 ns and (b) a laser pulse of 100 GW 

peak power and a rise time and half width of only 0.1 ns. It is apparent that most of the 

energy in the longer pulse is wasted: the plasma becomes transparent long before the 

pulse peak power is reached. The energy in the shorter pulse is much more effectively 

used. With long pulses, therefore. the peak power is irrelevant for this target geometry 

and beam diameter: what matters is the initial rate at which the power increases. Passing 

an exponentially growing pulse through additional amplifiers will have no effect on the 

shape of its leading edge or (in this case) on the plasma it will generate. Bonnier & 

Martineau [91:1[92] and Bonnier et a1.[93] have calculated the time dependence of the 

I-adius. temperature and density in spherical plasmas generated by inverse Bremsstrahlung 

absorption of carbon dioxide laser light. assuming equal, uniform electron and ion 

temperatures. 

If the electrons in a plasma are heated instantaneously to a temperature T,,,. the 

ion temperature will rise initially but will then fall as the result of expansion. Zakharov 

et al. [77] calculated the maximum attainable ion temperature for a lithium deuteride 

sphere with n,,r, = IOIV cm-' as a function of T,,,, assuming uniform temperatures 

throughout the plasma. For this model to be valid i t  is necessary for the thermal 

conductivity to be sufficiently high for the thermal diffusion time over the radius of the 

plasma to be short compared to the laser p~rlse duration. The conductivity is due to the 
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electrons, and the solution of the one-dimensional thermal diffusion equation yields a 

characterist~c diffusion length A, for a ti111e L: 

where T is in K and n, in cm?. During a 10 ns pulse, therefore, if n, = 10'' cm", heat will 

diffuse a characteristic distance of the order of l mm at 107 K, but only 3 pm at 105 K. 

During a 10 ps pulse heat will only diffuse 35pm even at 107 K and will only travcl 

0.1prn at 10' K. In general, radiative transfer of energy within the plasma is not effective 

because the plasma is transparent to most of the radiation it emits. Thus even in small 

plasmas, of diameter perhaps 100 pm, the assumption of uniform temperature throughout 

the volume will only hold at high temperatures in pulses lasting a nanosecond or more. 

Calculations have been made. using this and similar models. of the dynamics of 

deuterium-tritium spheres heated by laser pulses (Johnson & Hall [ W ]  ), Somon [95]). 

Es~imates of the minimum laser energy required for 'breakeven' when an equal amount 

of energy is released from nuclear reactions are in the region of 4 X 107 J (Babykhin & 

Staq~kh  [96]) to 10' J (Chu [97]) per pulse. 

2.6.1. Heating Limits in Underdense Plasma 

At very high irradiances it is necessary to take into account the non-linear 

behaviour of the absorption coefficient of the plasma. In an underdense plas~na (, n, < n,,) 

the Bremsstrahlung absorption coefficient decreases above the optimum irradiance and 

in the absence of other non-linear :~hsorption mechanisms this limits the rate of heating 

of the plasma. Hughes & Nicholson-Florence (1968) poinled out using a simple model. 
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that there is then a limit to the temperature which can he attained with a given initial 

plasma radius, no malter how much laser power and energy are available. The model 

used is s i~r~ i la r  to that of Basov & Krokhin and of Dawson. The initial plasma is 

supposed to be small, cold and fully ionized, with the critical electron density. The 

temperature and density are assumed to be uniform throughout the plasma during the 

hcating period. However, the rate P at which energy is supplied to the plasma is no 

longer constant. In order to set an upper lin~it to the ratc of heating it is supposed that the 

optimum irradiance is maintained over the whole plasma at all times. Thus the total rate 

of energy input to the plasma is 

assuming a single ion species of charge Z. The logarithmic term varies only slowly with 

temperature and for neodymium laser light interacting with a plasma in the temperature 

range 106 s T S 10' K may be taken to be about 8. Thus Y is taken to be a constant. 

Equations (2.67), (2.68). (269). (2.70) (with P,, replaced by P) and (2.77) give 

From (2.66) we have also 
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The solution to equation (2.80) will be of the form r ,  = r f , ( r , r , i ) ,  where r,, is the initial 

radius. This may then be used in (2.79) to find T = T ( , ; , , / ) .  The temperature will pass 

through a maximum since P- 0 as t - m. For a given target material, the maximum 

temperature attained will be determined solely by the initial radius of the plasma. 

2.6.2 Decay of Uniform-temperature Plasma 

The expansion of the plasma after heating has ceased is of considerable interest 

to experimentalist, because it is possible to relate the expansion velocity to the 

temperature of the plasma before it expanded. The adiabatic expansion of a simple 

spherical plasma consisting of electrons and only one species of ion has already been 

calculated on t l~e  uniform density model used by Dawson 1851. After heating ceases. the 

plasma boundary n8ill soon approach an asymptotic velocity given (see expression (2.75)) 

by 

where N is the total number of plasma particles. M their total mass and T,, the maximum 

plasma temperature, attained when heating stopped. The radial velocity within the 

plasma is assumed to be proportional 10 the distance from the centre. 

In Haught & Polk's [S71 first modification of Dawson's model, a radial denslty gradient 

was introduced so that 
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3 N ,  where r, is the boundary rad~us and n,(O) is the cenlral ion density, n,(O) = - . If we 
n r,; 

suppose that all the energy given to the plasma was thermalized at a uniform temperature 

T,, = T, = T, before expansion began, the asymptotic velocity of expansion of the 

boundary is now given by 

The same functional dependence: wilh different values of the constant, is obtained with 

the other models of the expansion process (see also Mirels & Mullen [98]). A similar 

result was obtained by Opower & Press [99]) from consideration of eleclrostatic forces 

on plasma particles. 

If the electrons and ions have different temperatures, expression (2.83) becomes 

Demtroder & Jantz [l001 pointed out that in many situations, and particularly with long 

laser pulses. the processes of heating and expansion cannot legitimately be separated. 

The initial temperature may not be as high as might be inferred from the expansion 

energy. Electrons receive energy from the laser light, thennalize it by electron-electron 

collisions. and transfer it to ion kinetic energy of expansion. This cycle. ]nay be. repeated 

many times within the laser pulse duralion. Demlriider & Jantz proposed ;l modified 
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form ol expression 12.84): 

Here n is a measure of the numher of times an electron gains and loses energy to the ions. 

When several species of ions are present in the plasma, the situation hecomes rather 

complex. Some authors have used expression (2.85) with different values of Z and m, 

to obtain asymptolic expansion velocities for different species of ions from the same 

plasma. Mulser [l011 has al-gued that this is incorrect. There is no doubt that 

recombination processes must be considered, as a result of which ionization and 

excitation energy may he returned to the plasma as kinetic energy. General discussions 

have been given by Aianas'ev & Roz;lnov [l021 and by Rumsby & Paul [IO?]. As was 

noted by Demtroder & Jantz when an ion has reached its asymptotic expansion velocity 

its translational energy will not he much affected by subsequent recombination processes. 

Ions entering an analyser with a ceaain energy may have been produced by recombination 

of more highly charged ions of the same energy. Recombination is more probable at 

Iiigl~ei- densities: if a mdial density gradient exists in the plasma the ions which happen 

to be nearest the boundary are most likely to travel to the detector without rccombination. 

Because they are nearest the boundary they will reach the detector first. Thus the most 

highiy ionized atoms will have the highest recorded expansion velocities. 

The effects of both threelbody and radiative recomhination processes on the decay 

of lithium hydride plasma< were discussed by Mattioli 11041, who concluded that if the 

plasma expands at a velocity greater than 10' cm S-', recombination is not energetically 

impoltant and ionization will he 'frozen in' as a result of the rapidly decreasing density. 

The same result was obtained for highly-ionized carbon ions by Boland et al. [IOS] and 
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by Basov el al.[106]. The effects of other collisional processes have been considered by 

Allen 11071. 

2.7 Shock Waves in Spherical Plasmas 

The uniform-temperature theor)' of the previous section is really more appropriate 

to the later stages in the development of the plasma. If  the irradiance at the surface of a 

uniformly-irradiated spherical solid target is large enough the ablation pressure will 

generate a inward travelling shock wave similar to that discussed for plane geometry in 

Section (2 .5) .  However, in spherical geometry the converging inward motion of the 

material behind the shock front leads to a further adiabatic compression. The shock wave 

converges to the centre. where i t  is reflected and travels outwards. The reflected wave 

propagates through inward-moving compressed material and again increases the density. 

Theoretical treatments by Guderley [l081 and others are discussed by Zeldovich & 

Raizer[jI]. Whereas the density ratio across a strong plane shock front is limited to 

5 U, in the case of a reflected spherical shock with y =- the overall density ratio 
(Y - 1 )  3 

7 . .  
is about 33 ( Brueckner [l091 ) and when y = - ~t is about l3Rr Zeldovich & Raizer [ j  l]  

3 

) Kldder [49] has conlputed the behaviour of a 62 pg deuterium sphere of density 5.4 

x10-" cm.' (initial radius about 1.4 mm) supplied with 10 kJ of laser energy in 5 ns. The 

amount of thermonuclear energy released per neutron is only about 10." S. so a 105 J laser 

pulse releases only 0.3 J. Most of the thermonuclear reactions take place in the hot dense 

plasma occurring in the reflected shock wave. Extensive calculations for a variety of 

p~llse shapes have been described by Goldnlan ([64], see also Lubin et al. [ l  101). In 

principle. it should be possible to arrange for a second shock wave to travel inwards in 

the con~pressed medium behind the first shock front. with a higher velocity adjusted so 
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that both shocks arrive ill mr; scnxlr uL~~osccinu(~aneously. Indeed, :I sequencc of shock 

waves of increasing strength could he wanged to arrlve in rapid succession at the centre. 

To produce a high final density i t  is important that the shocks should not ove~lake each 

other before reaching the centre, bccause this would result in a lower density and a higher 

temperature. ~rueckner [l091 has described very detailed calcula~ions of the 

development of a plasma from a solid DT sphere of 1 mm diameter by three successive 

shock waves. The shocks are produced by rapid changes in the spherically-symmetrically 

applied laser power, which starts at 6.3 x 10" W, rises to 6.3 x 10fi W after 5.47 ns and 

then to I X lOI4  W between 7.21 and 7.42 ns. A total of 60.1 kJ is absorbed (anomalous 

absorption is allowed for). The maximum density. averaged over the central tenth of the 

radius; is 1380 g cm3, corresponding to more than 7000 times the initial density. The 

central density remains above 100 g cm~.' for less than 200 ns . and the calculated nuclear 

energy yield is about 500 kJ, or more than eight times the laser energy absorbed. ILee 

[lWb] applied energy and pressure principles to carry out calculations for a 100 pm D-T 

pellet using a 2 step pulse compression driven by radiation presssu1.e up to 1016 W. It was 

found that mutliple step method enhances the energy gain from 6 for a square pulse 

power with 0.5hlJ absorhed energy to 90 for a double stepped linearly increasing rising 

pulse with absorbed energy of 0.4 MJ assuming perfect coupling effinciency. The density 

co~npression ratio increased fonn 27 in the first case compared to 1750 for the second 

one. 

2.8 X-ray Radiation From Laser Produced Plasmas 

X-ray radiation plays a significant role in the field of laser produced plasmas. The 

high power densities of focussed laser beams easily heat matter to keV temperatures 
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producing slrong X-ray radialion. Energy contained in X-ray radialion can be 2 

significant fraction of the incident laser energy and can strongly influence the formation 

and evolution of the laser produced plasma. X-ray have also been used extensively to 

diagnose the dense deposition and transpon regions of laser produced plasmas since they 

can readily escape from the interior of the plasma and are not affected by the large 

electric and magnetic fields generaled in the plasma. X-rays are also a useful diagnostic 

tool for studying the hot dense cores of high-density ilnplosions [ l  l I]. 

Laser produced plasmas are characterized by the large temperature and density gradients 

extending from the low-density. high temperature coronal region to the overdense 

ablation region. Temperatures and densities can vary over three orders of magnitude in 

regions extending over tens of micron thickness. In the next four sections, a brief 

description of the types of mechanisms involved with [he production of X-rays from laser 

produced plasmas shall he discussed. 

1) X-rays from Overdense Plasmas 

For most laser irradiation conditions X-rays below l keV are produced primarily 

in the overdense region of the plasma. The region of the plasma extends from critical 

density. ~ ~ ~ ( c n z  -') = I X 10" /A ( ~ I I I ) ,  to the ablation heat front which is near solid 

density. Despite such wide \'ariations in temperatures and densities, the spatial extent of 

the overdense region can he only of the order of 10 pm thick. 

ii) X-rays from Corona1 Plasmas 

X-rays in the kilovolt region of the spectrum are lnos~ly emitted from the coronal 

region of the plasma. This region extends from near critical density wbere most o i  the 

laser energy is deposited. to lower densities in the expanding plasma. The emission 
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concictc primarily of hound-bound lines and bound-free continuum from highly charged 

ions. The lines are produced by transitions with changes in the principle quantum 

number: K-shell spectra are produced by transitions to vacancies in the n = 1 shell: L- 

shell and M-shell spectra are produced by transitions to vacancies in the n = 2 and n = 3 

shells, respectively. Interest in the coronal X-ray spectrum has been as a diagnostic tool 

and as a high energy X-ray source for radiography. Energy in line emission can be as 

much as 10% of the laser energy also making i t  important for understanding the plasma 

energeiics. 

iii) Free-bound Continuum 

Continuum emission in the high-temperature corona occurs when a free electron 

is radiatively captured to a bound level of an ion. The emitted photon energy is the sum 

of the kinetic energy of the free electron and the ionization potential of the bound level. 

The free-hound spectrum begins at the recornhination edge where the photon energy 

equals the ionization potential and its spectral shape depends on the local electron 

distribution. The dependence of the free-bound continuum on the electron makes it a 

useful temperature diagnostic. For a Maxweliian distribution. the free-bound continuum 

decreases exponentially above the edge [ l  121. The slope of the continuum equals the 

electron temperature. This slope has been used to diagnose temperatures for both coronal 

plasmas [ l  131 and compressed cores from imploded microballoons [l 141. Matthews et. 

al. [ l  151 have used the free-bound continuum to infer non-thermal electron distributions 

in the laser absoiption region. They also measured the col-ona cooling adiabatically after 

the laser pulse by observing the change in slope of the continuum. 

iv) Superthermal Electron Bremsstrahlung 

The X-ray spectrum above about 10 keV is generally dominated by 
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Bremsslrahlung from superthermal electrons. The Bremsstrahlung is produced by high 

encrgy elcclrons penetrating solid material. The intensity and shape of the 

Bremsslrahlung is the principle method for diagnosing the superthennal electron flux and 

temperature. These are important for inertial confinement fusion because superthennal 

electrons can be a source of preheat of the fusion fuel. Initial observations of hard X-ray 

were reported in scintillators iielded for neutron measurements [ l  161. The signal was 

confirmed to be hard X-rays by observing signals in non-neutron producing targets. 

These hard X-rays were confirmed to be produced by fast electrons from plasma 

instabilities by correlating the hard X-ray signals with scattered light measurements 

[ l  171. Electron distributions must be derived from the X-ray spectra to infer fast-electron 

temperatures and magnitude. If the electrons are assumed to be stopped in solid density 

cold material, cold-matter Bremsstrahlung [ l  181 production expression can be used. This 

assumption is generally applicable because the electron ranges are normally much greater 

than the plasma real densities. For an exponentially decreasing electron distribution the 

slope of the X-ray spectrum is the superthermal electron temperature. The integral energy 

in superthennal electrons. E,. is approximately given by 

where@(hv = k T )  is the X-ray intensity (in keVikeV-4~) at the photon enelgy equal to 

the hot-electron temperature Mead et. a1.[119]. Eidlnann et. a1.[120] have derived a 

similar expression using the analogy with a cold X-ray tube which they used to measure 

the fast-electron energy in low-Z targets. 
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Computer Simulation of the Laser Produced Plasma 

3.1 Introduction 

Computer simulation has become a well established technique for investigating 

problems where complexity prevents the use of purely analytical approaches. The power 

and sopl~istication of present day machines permit simulation to play an increasingly 

important role in the development and analysis of experiments. As a result computer 

aided design makes a substantial contribution replacing relatively expensive direct 

modeling methods in engineering and applied physics. 

The essential features of computational sin~ulation are the representation of the 

real system by a model, and the determination of its behaviour by numerical calculation. 

Once established the performance of the system is found by experimentation in which its 

response in ter~ns of output variables is lneasured as functions of the inputs. 

Conlputational physics thus employs a metliodology intermediate between theoretical and 

experimental physics. It is clearly constrained in two ways: the completeness of the 

representation by the model, and the accuracy inherent in the numerical calculation. Both 

of these limitations depend on the power and storage of the computing machinery. In an 

ideal world in wllich these restrictions were irrelevant, con~putational physics would be 

circumscribed only by the investigators ability to understand the physical world, and to 

programme the machine. Unfo~tunately we are still far from this situation in laser 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



produced plasma sinlulation and present-day technology limits us to relatively simple 

models, but which nonetheless have considerable value. However these can only address 

different limited aspects of the interaction, rather than the complete problem itself. Data 

from one model is used as input for another and thereby integrates the problem into a 

form of unitary structure. 

3.2 The Fundamental Problem 

The basic experiment involves laser radiation of given power, duration and 

wavelength focussed into a spot of specified dimensions and structure irradiating a target 

of simple or con~plex composition, and know11 geometrical configuration. As stated it 

is a relatively simple experimental system. However if the laser power is reasonably 

large, the physical mechanisms are extremely complex. The solid is heated passing 

through the liquid/vapour and gaseous phases to form a plasma: this may involve 

chemical as well as physical changes of state, together with dissociation and ionization. 

The hot plasma medium rapidly expands in a manner determined by the pressure 

distribution in the medium, and will include shock propagation upstream as well as 

rarefaction wave downstream. The detailed pressure distribution results from energy 

transfer by the usual conduction, radiation transfer and laser radiation. The deposition 

of e n e r g  from the laser is due to electron collisions or nonlinear effects. Finally the laser 

radiation is modified by the plasma density distribution giving rise to refraction, bulk 

forces and nonlocal abso~ption and reflection. 

The description ofthe entire system is further complicated by the very large range 

of parameter space occupied during a single experiment. Density varies from typically 
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1 023 to 10" particles per cmJ, temperature from 300 to 10' K. lengths from 0.1 - 100 pm, 

and times 10." to 10." S. The complete description of a system over such a range is 

clearly an awesome problem. 

3.3 Hyades : l-d Lagrangian Hydrodynamic Code 

3.3.1 Brief Description of the Physics of the Code 

In this and preceding sections, the physics of the code Hyades used for the 

simulation ofthe laser plasma interaction is described. This code is a one dimensional, 

three temperature, three geometry, Lagrangian hydrodynamics and energy transport code. 

The electron and ion components of the code are treated separately in a fluid 

approxin~ation and are loosely coupled to each other, each in thermodynamic equilibrium 

and described by Maxwell-Boltzmann statistics. Radiation is assumed Planckian and is 

coupled to the electron fluid. The diffusion approximation is used for modeling energy 

transport phenomena. The degree of ionization is determined by Saha, Thomas-Fermi 

or fully stripped models. The thern~odynamic and equation of state quantities are derived 

from realistic (Sesame) tables or an ideal gas. 

The hydrodynamic motion is treated in the Lagrangian formalism since the plasma 

expands to cover a large spatial extent, as well as several orders of magnitude in density. 

In the Langrangian formulation, the mesh moves with the material , i.e each element of 

mass is conserved for all time. In contrast is the Eulerian perception in which the mesh 

always stays fixed and the material moves through it. Contingous portions ofthe mesh 

are gathered together to describe a physical portion of the target, know as the region. 

Each region represents a material that is composed of one or more atomic constituents 
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and has associared tnermodynamics and hydrodynamic propenit%. 

3.3.1.1 Ionization 

Ionization of a plasma begins at a temperature much less than that characterized 

by the ionization potential of the typical atom. Because ionization determines, to a large 

extent. the equation of state. and the transport properties, it must be treated in a somewhat 

realistic fashion. At temperatures and densities encountered in high energy-density 

plasmas the free electrons play the dominant role, i.e. they are the primary contribution 

to the pressure, internal energy, and transport (thermal and radiative) properties. 

If the density of the plasma is high enough and the temperature is low enough, the 

electron fluid will be degenerate and an ideal degenerate electron gas model will suffice. 

When the de Broglie wavelength of the electrons becomes comparable to the interparticle 

spacing exclusion effects become important (Zeldovich and Raizer, 1966 [51]). 

Unfortunately this is not the case in the plasmas of interest here, where thermal effects 

play a significant role. For a multi-electron element, ionization of one stage begins 

before the previous stage is completed, hence atoms with lnulliple ionizatioils levels are 

produced. A plasma with a mixture of elements will contain differently charged ions of 

each species; this makes the calculation a bit more complex, but nevertheless feasible 

[121]. 

This code uses a Saha model for determining the ionization level since the 

plasnias of interest are (to a good approxiniation) described by a Boltzmann distribution 

ofelectrons and are in local the~niodynamic equilibrium (LTE). The atomic energy levels 

are treated as being hydrogeiiic and there are no relativistic effects. 

The filial fomi of the Saha relation used in this code is 
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3.3.1.2 Hydrodynamics 

The motion of the material is calculated by integrating Newton's second law, 

" F = ma ". The hydrodynamics in this code is cast in the Lagrangian formulation; that 

is, the coordinate system moves with the mass. Therefore, the mass of each zone remains 

constant. The Lagrangian approach has the advantage of providing higher order accuracy 

at the least cost in computer time. 

In the Lagrangian coordinate system, the equation of motion is given by 

where U is the velocity of the mass element, p is the mass density, and P is the internal 

pressure due to the electrons; ions, and radiation. The gradient of the pressure is 

converted to an acceleration according to 

where h is a "thickness." The velocity is found by integrating the equation (3 .2) ,  then 

the position is found by integrating the velocity over time. Even though the idea of 

hydrodynamic motion is quite sin~ple, special care is taken in the numerical formulation 
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.to insure numerical stability and energy conservation 

Equation (3.2) governs the motion of an "ideal" gas in the absence of shock 

waves. In real materials there exists viscous forces which act in the same fashion as the 

pressure. The full one-dimensional hydrodynamic equation in the Lagrangian 

representation is then 

where Q is the fictitious viscous pressure (Niehalas and Mihalas, [134]) 

In the general fom~ulation p is the coefficient of shear viscosity and 7 is the coefficient 

of bulk viscosity. For a plasma (considered a gas), there are no shear forces, so p = 0. 

The Lagrangian prescription used in the code guarantees mass conservation, so there is 

no need to solve for it explicitly. 

3.3.1.3 Thermodynamic Coefficients 

The pressures and energies needed for these calculations are found from an ideal 

gas model or the equation of state tables, depending on the model being used. The 

electrons and ions both contribute to the thermodynamic quantities. The individual 

contributions are calculated by splitting the tables according to the fractional amounts 

of ions and electrons. In particular, for the pressure 
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with a similar expression for the energy. The derivatives of the pressure and energy are 

handled in much the same way; when using the tables, the derivatives with respect to 

density and temperature are found by taking the differential of the tables as shown below 

3.3.1.4 Electron and Ion Thermal Energy Transport 

The transport of energy by electrons and ions is treated by solving the equations 

for conse~vation of energy in the diffusive limit. This approximation is adequate as long 

as the scattering mean-free-path for each species is less than the corresponding 

temperature gradient scale lengh. However, in many applications, this constraint is 

violated and the classical heat flux becomes larger than the free streaming heat flux; 

hence a limitation on the heat flow must be imposed. 

The electrons and ions are considered to be two fluids at different temperatures 

whose interactions with the other are mild. For the cases of interest, the ordering of the 

scattering times is r,! > re, > ree. This also sets the ordering for solving the equations 

in a loosely coupled prescription. The generic transport equation is 

whcrc the first term on the right hand side is the energy gained fi0111 work done on the 
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fluid by a change in volume, the second is from the heat flowing into (or out of) the 

volume, the third is from energy exchange between the two fluids, and the last term 

includes external sources or sinks. T l ~ e  radiation field is coupled to the electron fluid 

rhrough this sourcelsink term. 

For the most part. the formalism follows that of Braginski, l965 [l??]. The ion 

fluid is treated classically, while the electron fluid is handled non-relativistically but 

includes degeneracy effects. Since the temperature range of interest is from about 1 eV 

to a few tens of keV, only the non-linear plasma thermal conductibity is used; attempts 

to model the metallic state are not included at present. This discussion is based on single 

clement mixtures for the ion fluid, but where appropriate, the modifications for mixed 

materials are noted. 

3.3.1.5 Radiation Transport 

Solution of the general radiation transport problem is difficult and the method 

chosen depends upon geometry, boundary conditions, and physical processes of interest. 

In the code a simplified form of the general transport equation to the diffusion 

approximation (Po~luaning [l371 pp. 50 ) is used. If the photon scatteringtenns (elastic 

and inelastic) are neglected, the transfer equation becomes 

where I (v ,  0)  is the intensity at frequency v in the direction Q, J ( v )  is the source 

term, and a;, ( r.) is the abso~ption coefficient. Induced (st~mulatedj emission is induced 

by replacing the source tern1 with 
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We assume that the radiation field is near Planckian and that LTE is valid, then 

Kirchoffs law gives the relationship between emission and absorption 

J ( v )  = a o ( v )  B ( v , T )  

where 

and B(v, T) is the Planck fimction 

where T is the " temperature ''. The transfer equation becomes 

It is further assumed that the radiation is homogeneous, the interaction processes are 

isotropic and that the gadients are shallow, so that a spherical harmonic expansion of the 

intensity is appropriate. Then. keeping the first two tenns 

integration of this equation over solid angle gives 
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which is the frequency-dependent energy density, while multiplication of equation (3.1 5) 

by the solid angle and then integrating gives 

which is the energy flux. Substitution of the expansion equation into the transfer 

equation (3.1 4) gives 

Similarly, multiplying the transfer equation by the solid angle and integrating one gets 

This can be made to look like a diffusion equation if the magnitude of / , ( v )  is small 

compared to I ,(v) , then 

l , ( v )  = -D( \ , )  V l o ( v )  3.20 

where D(v) is the diffusion coefficient. If the time dependent derivative of the "flux" 

equation is neglected (to preserve the diffusion character) then the frequency-dependent 

diffusion approximation is obtained 
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Henceforth, the subscript on the intensity is dropped. Note that the radiation intensity is 

locally isotropic. 

To this diffusion equation we add other source and sink terms such as PdV work 

and the coupling to the electron fluid. The LTE frequency-dependent radiation transfer 

equation solved in the code has a final form which is actually 

where U(v)  = - I (  is the energy density and the diffusion coefficient is 
C 

where K ( V )  is the frequency-dependent opacity. and p is the usual Inass density. 

Ln a fashion similar to flux-limited electron thermal transport, radiation transport has to 

be flux-limited also. The limiting diffusion coefficient is just the energy density times 

the speed of light. For the flux-limited diffusion coefficient, the diffusion coefficient 

becomes 

3.3.1.6 Opacities 

.A simple analytical opacity for kee-free (Breinsstrahlung) absorption is used as 

described in Rybicki [140]. 
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Within the code this is 

where Z is the average ionization level and g#is a Gaunt factor (= 1. here ). 

The averaging of opacities map be done in two ways: Planckian and Rosseland. 

The former is appropriate for radiatively thin systems, while the latter is for thick systems 

which we assume here. The Rosseland prescription (Rosseland [139]) considers the 

frequency-dependent flux along with the energy density ofthe radiation as related by the 

transfer equation; the result is that the inverse of the opacity is averaged using the 

temperature derivative of the Planck function as the weighting function. Then the 

Rosseland mean opacity is 

The Rosseland mean-free-path is then 
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This code will be used to characterize the experiments carried out here. Because 

of its ease of use and ability to calculate the parameters in the plasma: this code provides 

us with a very powerful tool in  trying to interpret the experin~ental results. 
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Chapter 4 

Diagnostic Techniques 

Tlle diagnosis of plasmas produced by high power lasers requires state of the art 

experimental techniques and instrumentation. This is because the plasma conditions 

achieved in laser plasmas vary over a large range. Densities and electron temperatures 

range from 10'"o 1 0'6 cm-' and a few eV to many keV's. The time scales and spatial 

dimensions are such that temporal and spatial resolutions of less than a picosecond and 

a micron are required. The recent advancement in technology of lasers with powers 

exceeding l00 TW and pulse durations of less than a picosecond leads to new parameter 

regimes. Consequently the continuous development of novel instrumentation and 

techniques is crucial for the diagnosis of plastnas produced by such laser systems. 

4.1 Diagnostic Techniques based on refractivity 

Probing plasmas with optical radiation, i.e. the wavelengh interval from 

Ultraviolet-Infrared, is a desirable method because the plasma conditions will not be 

perturbed by the measurement itself. 

Let us consider a plasma contained in a vessel suitable to allow electromagnetic 

radiation to pass through it without being deflected by irregularities in the transparent 

walls. The path of the rays illuminating the iilhomogeneous plasma is determined by 

Fennat's law. As shown in fig.4.1, in the absence of any disturbance the light ray would 

reach the screen S at the point Q from the direction 0 at the time t, but actually reaches 

the screen at Q* f ro~n the direction 0* at time t*. The use of proper equipment will allow 
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Light ray 

! 

e 

Test section Screen: S. 

Figure 4.1 Propagation of a light ray through a plasma 

us to record on S the following 

(a) Phase lags, r = t - t* 

(b) Angular deflection, E = 0* - 0 

and (c) Displacement, d = Q* - Q 

An interferometer is device which can record phase lags, a schlieren system 

records angular deflections, and a shadowgraph records displacements. In the following 

sections. a detailed account of each method will be given. 

4.1.1 Plasma Refractivity 

Electromagetic waves propagating t l ~ r o u ~ h  a plasma suffer deflection and phase 

lags as a result of changes in the refi-active index. The refractive index is given by 
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where v, - phase velocity 

k - wave number 

W - frequency 

The plasma in general is made up of a gaseous mixture of electrons, residual neutral 

atoms and atoms once, twice , ....... or co~upletely ionized; and finally molecules if the 

dissociation is incomplete. Thus the refractivity of the plasma can be considered to be 

the sum of refractivities of the various components as follows 

where p, - density of the jth component of the mixture 

K) - specific refractivity 

In general. at optical and near optical wavelengths the electron refractivity is dominant 

and the effects of other species can be disregarded [145]. Effects due to collisions also 

can be neglected. The most complete description of plasma wave interaction can be 

obtained by solving the Boltzmann transport equation and the complete set of Maxwell 

equations [ l  461. 

In general the refractive index can be written as 
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o, - plasma electron frequency 

For o )) a,, the equation above can be approximated to the first order by 

2nc Substituting y = ( g ' and w = - 
h 

where 

m,- electron mass 

e- electron charge 

h- wavelength of the probing wave 

E,- permitivity of free space 

Equation (4.3) becomes 

At the wavelength of the probing laser used here, h = 500 nm, equation (4.4) can be 

written as 

N, is expressed in m-' 

for o, = o 
4.5 

for op (( o 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



in order to prevent intense absorption. reflection and deflection the wave frequency 

should be much greater than the plasma frequency. The electromagnetic wave should 

fulfil this condition 

When ionization is incomplete, the refractive index is influenced by neutral atoms. Ln 

this case. the refractivity can be approximated by Cauchy's formula [l471 

where N is the density of like neutrals ( cm-' ) . 

The values of coefficients A and B can be found in [148], [149], [l501 and [l511 for 

several gases. The refractive effects of residual neutral atoms can be neglected if 

For the plasma being studied here, at optical and near optical wavelengths the electron 

refractivity is dominant and the effects of other species can be disregarded [145]. Thus 

the optical refractivity of the plasma can be represented by equation (4.5). However for 

the type of plasma studied here, during the initial period corresponding to the duration 

of the laser pulse. the electron density reaches values conlparable to the critical density 

of the probing beam given by equation (4.6). Therefore, the approximation used in 

equation (4.3) does not hold and the correct refractive index is given by equation (4.5a). 

4.1.2 The Shadow Method 

The development of the shadow method is usually attributed to Dvorak who used 
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it in 1880 to photograph air disturbances. 

The principle of shadowgraphy is extremely simple. A uniform parallel light 

beam passes through the test object and falls onto a screen (detector, film, etc.). For a test 

object of uniform refractive index the screen is uniformly illuminated. If there is a 

constant refractive-index gradient transverse to the beam, all light rays suffer equal 

deflection with no change in the screen illumination. However, if the first derivative of 

the refractive index varies transverse to the beam, all light rays are not equally displaced 

at the screen, resulting in variations in illumination. 

AI The relative variation in light intensity - falling onto the screen in a parallel geometry 
I 

with no optical colnponents is given by the relation [ l  521: 

where the integral is taken over the length (thickness) of the test object in the direction 

of the incident light (here taken as the z-direction), and L is the distance from the test 

object to the screen. 

When the disturbance being studied is a hi-ghly ionized plasma Eqn. (4.8) can be 

used. When n, is not a function of z, equation. (4.8) leads to the following relations: 

Hence, the local change in screen illumination contains information about the 

second order gradient ofthe electron density. 

In principle, it is possible to obtain the values of n,. from a plasma in which 

7 7 
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V! ne * 0 by suitably integrating the observed intensity changes. However, extracting 

quantitative values of electron density from shadowgraphs depends on having a uniform 

or at least a very simple z-dependence for n,. so that the necessary double integration may 

be performed. Also, the two constants of integration involved must be obtained by other 

measurements, usually one by schlieren technique and the other by interferometry. This 

is a serious disadvantage. 

Furthermore, quantitative results are only obtainable if the displacement of a ray 

from its undisturbed position on the screen is sufficiently small to avoid confusion by the 

overlapping of rays from various source locations. Since the sensitivity of any 

shadowgraph system is proportional to L, the object-to-screen distance, by suitably 

choosing L, large variations in screen intensity can be displayed without any overlapping. 

2 Ilowever, in a plasma in which large variations in V L  ne occur, and this is the case of for 

example the plasma focus especially during the pinch phase, it is not usually possible to 

display weaker phenomena and to avoid this overlapping. 

Shadowgraphy is thus infrequently used for quantitative purposes. It is usually used to 

accurately locate the positions of rapidly-varying density gradients. The technique is well 

suited to study of shocks and of turbulence in plasmas. 

The resolution of the method is expressed by the minimum size of an 

inhomogeneity 6 in the object that can be detected onto the screen: 

where l 'is the mini~llum separation at which adequate sensitivity is achieved. to resolve 

inhomogeneities of dimension 6. According to equation.( 4.9), the sensitivity is 

proportional to L, the object-to-screen distance. The resolution may be ilrlproved by 
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decreasing L; but in this way the sensitivity also decreases. Therefore, a compromise 

between these two requirenlents has to be achieved. 

In order to improve the quality of the shadowgraphy, the light source must be 

effectively a point source [l  531 brighter than the plasma. Also, another improvement 

may be achieved by using the so called focused shadowgraph technique, in which a 

converging lens is placed between the screen and test section to focus it at a distance d 

in front of the screen. If the test object is a hot and dense plasma, in the focal plane of 

the lens one Inay place an aperture to cut off most the plasma light. The principle of 

operation of this method is identical to the one described earlier, but in equation 4.8 L 

has to be replaced by dim, where m is the magnification introduced by the lens. 

The mini~nuln detectable second order gradient of electron density may be estimated with 

the following relation: 

For example in the experiments carried out here, the minimum change in light intensity 

detectable is better than 0.5 %, this is because CCD detectors are used, and considering 

a value of 1 = 0.1 mm for the diameter of the laser plasma during the initial period of the 

laser pulse with a fine-scale structure of about 6 = 0.0 I mm, the minimum detectable 

second order density gradient is ( I  C: - ne j ),,,,,, = 2.23. 10j3 nt - 5  when the nitrogen 

pumped dye laser light of h = 500 nnt is used. 

In this project. a laser shadowgraphy arrangement was developed based on the 

divergent beam arrangement using a TEA nitrogen pumped dye laser as a light source. 

Details of the optical layout of the shadowgraph system will be presented in chapter 5. 
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4.1.3 Schlieren Photography 

The shadow method measures the second derivative of the refractive index. It 

will be shown in the following section that the schlieren technique measures the first 

derivative of the refractive index. The function of both shadow and schliercn methods 

is to determine s~nall variations in the index of refraction of transparent materials. The 

basic idea ofthe schlieren method was originated by Foucault 11 541 for testing lenses and 

other optical parts, but Topler [l551 greatly developed the method and applied it to the 

study of various air disturbances produced by sparks, explosions, air flows, etc. For the 

study of rapidly moving shock waves and other transient phenomena Topler devised a 

spark light source which could he synchronized to the event so that snapshots ofthe event 

could be taken at a particular time. 11is resulted in sequential pictures of the event with 

I 0  ps exposures. Following Topler a large number of workers have applied the schlieren 

method in various forms to study explosions, shock waves, and sound waves. R.W Wood 

[l561 in a series of experiments beginning in 1899 photographed the reflection of 

compression waves from plane and concave mirrors, spherical aberrations, the 

diffraction produced by an obstacle, the refraction of a CO, lens, etc. The pictures 

graphically illustrate the change in the shape of the wave front as it is brought to focus 

by a lens or concave mirror. The schlieren method has been applied also to the 

visualization and study of turbulances and convection due to hot wire surfaces, the air 

flow around projectiles, jets, sound waves in air and in liquids, electrophoresis 

boundaries, diffusion boundaries etc. With the invention of pulsed lasers in the 1960's 

the range of applicability of this method has been increased immensely. A review ofthe 

variations of this technique and its uses until 1981 has been compiled by Davies [157]. 

In the study of pulsed plasmas, this method has proved to be useful tool in the 
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determination of the shape of the shock wave and in some cases certain workers 1\58] 

have successfully applied this method in determining the density gradients in their 

experiments h the following sections, a method of determining the density gradients of 

the plasma studied here will be presented. 

4.1.3.1 Treatment of the problem of light rays propagating through 
a cylindrical plasma. 

The side-on investigation of cylindrical plasma invariably, leads to an integral 

equation of the Ahel type. In emission spectroscopy and interferometry the numerical 

treatment ofthis equation has been give11 co~lsiderablc attention in the literature [ l  591- 

[l  621. One of the major difficulties seems to be the fact that the derivative of the 

measured function enters into the calculations. These derivatives are naturally very 

sensitive to scatter of experimental data and oscillations of higher-order approximations. 

If the gradients of an axisy~nmetric refractive index distribution are large enough to cause 

detectable deflections of a test beam it is possible to calculate n(r) from the knowledge 

of the deflection angle a as a function of y ( Fig. 4.2). 

Older treatments of Schardin[l63] and Wolter[164] use mathematical treatment 

for slnall deflection angles leading to thc same tqpe of equations with its numerical 

inaccuracies. In 1961, Neumam[l65] derived a formula that avoids some of these 

difficulties but is still restricted to small deflection angles. Kogelshatz [l711 has 

presented the exact equations to obtain the refractive index n(r) fro111 the measured 

deflection curve a(yj without this restrictions. 
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- Film 
X 

Figure 4.2 : Diagram showing the deflection of a light ray propagating through a 
plasma with cylindrical symmetry 

4.1.3.1.1 Calculation of deflection angle 

The following derivation will be exact within the framework of geon~etrical 

optics, which means that abrupt changes of the refractive index over linear dimensions 

comparable to one wavelength are excluded. It turns out that this is a reasonable 

assumption in most plasma applications. Starting from the eikonal equation and 

assuming rotational synunetry for the refractive index, one can show that the trajectory 

p = p(r) of the light beam will be given by the differential equation[l47] 

where n, is the refractive index of the undisturbed region r > R (Fig.4.4) 

The closest approach r, will be given by 

The total change of @ along the light path will be 
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Figure 4.3 : Schematic diagram of the path of a ray through the plasma 

d,. 
A = 2yn0 i -  

If n = constant = n,, the integral yields 

The difference between equations (4.14) and (4.1 5) will be the deflection a due to plasma 

column 

This equation describes how to calculate the deflection curve a(y) for a given refractive 

index distribution n(r) of rotational symmetry. In the case of the plasma studied here 
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So equation (4.1 6) becomes 

Equation (4.18) can be further reduced to 

using the condition in equation (4.17). 

However. 

So equation (1.1 9) becomes 
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This is the final form of the equation that will be used here. Integrating equation (4.20) 

gives the deflection angle of a particular light ray entering the plasma. However, this 

treatment is valid for the case of parallel rays traversing the plasma ( see fig.4.2) whereas 

in the experiments conducted here, a diverging beam geometry arrangement is used. The 

treatment in the case of a diverging beam entering the plasma will be given in the next 

section. 

4.1.3.1.2 Treatment of the problem in the case of a diverging beam 
system 

Figure 4.4 shows the propagation of a ray from a point source, as in the case of 

a schlieren system operated in a divergent mode, through a plasma at a distance, d, from 

it. From figure 4.4 it can clearly be shown that the deflection angle in equation (4.20) 

now becomes 

where 

y, = t an  Y 

- l [  d - JiZ7 

YP is the height of the beam from the principle axis entering the 
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entering the plasma in a parallel geometry 

K,, the inaximuin size ofthe plasma at the time, t, when the light rays 

traversed the plasma. 

Using equation (4.21) together with equations (4.22) and (4.23), the deflection angle for 

a particular plasma electron density profile can be calculated. Please note that although 

the electron density does not enter any of the mentioned equations, the relationship 

between the refractive index and the electron density is given by equation (4.5). The 

results of the deflection curves from various electron density profiles will be discussed 

in the next chapter. The possible schlieren patterns recorded on the CCD will be also 

treated by ray tracing the path of several rays through the plasma and the whole recording 

system. 

4.1.4 Laser Interferometry 

4.1.4.1 Abel Inversion 

Most laser produced plasma experiments have either cylindrical symmetry (as in 

the case of single beam illun~ination) or spherical symmetry. In this latter case we can 

consider a series of slices through the sphere, each having cylindrical symmetry. Figure 

4.5 shows such a slice of the outer radius R. Let us suppose that the emission coefficient 
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j, is only a function ofthe radius 
. . 

r. The screen is some distance 

away in the X direction and on it 

will be recorded contributions to 

the observed intensity will come 

from parts of the plasma horn r = 

y to r = R, (where y is the height 

of the plasma). Thus when y = 0 

one observes the sum of 

W .  contributions of emission from 

all points across the diameter and 

viewinp direction when y - R, only outer sections 
Figure 4.5 : Sche~natic diagram to illustrate Abel 

inversion of the slab will contribute. 

The irradiance at a height y can thus be written as 

where I, is the irradiance 

Equation (4.24) is one form of Abel's inte-gal equation. If I,h) is a continuous function, 

then this equation can be inverted 
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where 

More generally in laser produced plasmas, the value of , is known at various values of 

y,  y,, and we wish to find j, at various values of r, r,. Equation (4.25) can now be 

expressed as a sum 

this can be inverted to give 

A straightforward evaluation of the coeff~cients results in an inversion which is unduly 

dependent on the accurate measurement ofthe outer values of I,(y,,). These are the values 

that are often least well known. By weighting the values of I,(yn) various other values 

of p,, can be found. One of the earliest methods was due to Nestor and Olsen [172], but 

a preferred method is due to Bockasten [173], which is more accurate and direct. If the 

data is noisy. then a method of Deutsch and Beniaminy [l741 is reported to give big 

improven~ents over Bockasten's method. 

4.1.4.2 The Nomarski Interferometer 

Optical iilterferometry allows the electron density profiles of laser produced 
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plasmas to be measured. The single sliifi cp is given by 

polariser Wollaston 
prism 

I 
Image 
plane 

Figure 4.6 : Schematic diagram of Nomarski interferometer after Benattar et.al [l761 

where n, is the electron density in h ,  is the probe wavelength in cm, and L is the 

path length of the probe beam through the plasma in cm. Equation (4.27) can be Abel 

inverted if the plasma is cylindrically symmetric and by assuming straight probe rays 

through the plasma. 

The most commonly used interferometer in laser produced plasmas is due to 

Nomarski [l751 which was modified by Benattar et. al. [l761 . It has a compact design, 

(see figure 4.6) is insensitive to small movements and suitable to the geometrical 
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constraints of laser produced plasmas. The incident probe laser light is polarized at 45" 

to the vertical and is collimated onto the position ofthe target ensuring that a much larger 

region is illuminated than is occupied by the plasma. The target is imaged onto the 

camera by the lens. Two overlapping images are produced on the camera by the 

Wollaston prism. These do not normally interfere with each other because they are of 

orthogonal polarizations. However, the second polarizer set at 45' to the vertical 

recombines the two beams and allows interference between them. 

A short wavelength probe beam is used to avoid strong refractive effects caused 

by the steep density gradient in the direction orthogonal to the probe propagation. 

Otherwise the probe beam is refracted out and misses the collection optics. It is 

important for accurate analysis of interferograms that the plasma is imaged onto the films 

by the microscope objective with a precision of a few pm. Otherwise extra fringes 

originating from refraction are also recorded. These additional fringes will result in a 

different density profile. 

4.2 X-ray PIN diodes 

h v 
When a semiconductor detector absorbs an x-ray photon of energy hv, - 

W 

electron-hole pairs are produced where W is the average e n e r g  needed to create an 

electron-hole pair. The collected charge is proportional to hv. For silicon at room 

temperature ~ = 3 . 6 2 e V .  The quantum detection efficiency is given by [l801 

where the first expoilential term describes absorption in the dead layer (on the front 

surface of the detection area) of thickness I, and the second gives the efficiency for 
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stopping x-rays in the depletion (sensitive) region of thickness f,. It can be seen that there 

exists an energy range over which semiconductor detectors can be used. The lower limit 

is determined by absorption in the dead layer and the upper limit by incomplete 

absorption. Lower energy x-rays may be detected if the dead layer can be thinned. 

Since both the electrons and holes have large mobilities, and since the collection 

distances are short, it is possible to achieve relatively short collection times. This is an 

important advantage for measurements on pulsed x-ray sources. 

According to [l 811, the pair creation energy W is. in general, a function of the 

photon energy. It is usually assumed that Wis a constant for photon energies well above 

the band gap of Si (-lO.E, [ l  871). Recent Monte Carlo simulations of the pair creation 

energy [l831 show a significant photon energy dependence up to a few hundred eV. We 

have assumed here a photon energy-independent value of (3.70+0.07) eV as measured 

by Krun~rey and Tegeler[l84]. 

BPX65 PIN (a detector normally used in the optical range) was used to detect the 

soft X-rays in the experiments carried out here. It is easily obtainable and low cost. It 

has excellent characteristics such as response and bandwidth. The glass window is 

removed for application to x-ray detection. The typical parameters of this diode are listed 

below[l 851: 

radiant sensitive area 

intrinsic Si wafer thickness 

dead layer thickness 

risetime (typical) (900mn) 

dark current 

l mm' 

10 micron 

0.5 micron 

0.5 ns 

<5nA (nom 1x4) 

The response curve of the BPX 65 is shown in fig. 4.7 as given by [l 861. 
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Figure 4.7 : Response curve of the BPX 65 PIN photodiodes in the 0 to 40 A region 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



Chapter 5 

Experimental Setup 

5.1 Laser Matter Experimental Facility 

The block diagram of the National lnstitute of Education - School of Science - 

Laser Matter lnteraction facility is show11 in figure 5.1. It consists of the following 

subsystems : 

Vacuum 
System 

Data Aquisition 
And 

Analysis System 

Triggering System 
A n d  

Control Eletronics I 

: Shielded Enclosure 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

Diagnostic 
Equipment 

Figure 5.1 : Block diagram of laser matter interaction facility 

(I) a Surelite 11 Nd-YAG laser. 650 m3 at 1061 nm, pulse width 6 ns at FU'HM 

(Full Width Half Maximum) and a beam dialneter of 8 mm. 

(ii) focussing optics 

(iii) vacuum system - vacuum pump, gauges, valves and working gas container, etc. 
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i target chan~ber - target material, translation stages etc. 

( v  triggering system and control electronics - master trigger pulse generator, high 

voltage SCR units, CCD ( Charge Coupled Device) sync pulse generator, decade 

counters, clock pulse generator. delay units and high voltage transformer. 

(vi) diagnostic equipnlent - Nitrogen pumped dye laser . shadowgraphic systcm, 

schlieren system, CCD image capture system, and inreri'erometric system. 

(vii) data acquisition and analysis system - digital storage oscilloscope and computer 

data interface for data transfer. 

(viii) shielded enclosure - Faraday's cage. 

5.1.1 Description 

5.1.1.1 Nd-YAG laser 

At the heart of the laser matter interaction facility is a Surelite I1 Nd-YAG laser 

from Continuum. The laser has a pulse width of 6 ns at FWHM and energy of 650 mJ 

per shot. The beam diameter at the exit aperture is 8mm. This laser has an energy 

output stabiIity of better than 1 3 % .  In order to stabilise the energy output, the flashlamp 

contu~uously pumps the rod at a rate of 10 Hz. This thermally stabilizes the rod, reduces 

thennal lensin2 in the laser rod itself and thus reduces energy output fluctuation. 

Accordins to Koechner [l  871, a flashlamp pumped Nd-YAG laser at 10 Hz requires at 

least 6 seconds to become thermally stable. 'This consideratior~ will be an important 

criteria when designing an external circuit to drive this laser in order to integrate this laser 

system with the diagnostic tools. Figure 5.2 shows the sequence of events leading to the 

Q-switched output of tllis laser. When operated in "EON" or external on n~ode the lasers 
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flashlamp and Q-switch can be triggered externally using negative going 5 volt TTL 

Flashlamp Sync 1 0 0 m s @ l O H z  
Signal froni BNC at 

50 Cl input of 
oscilloscope 

0 v 

Exlemally triggered 

sytc 

Typical time is 150 - X00 ps, actual 
time corresponds to PCU ( Pockel Cell Unit) fronr 
panel LED Q-switch readout 

Fixed Sync Out 
Signal from BNC at 
fronr of PCU into 

i n u o  
3.5 V T n  signal 

oscilloscope 
0 v 

Jiner of laser output 

- 170ns u.ill be less tliaz, *Ins 

LaseOutpu~ 5 - 7nsFWHhl 
Externally trrzgered 

using Fired sync 
Oor 

Variable Sync Out 
Sigtal fro111 BNC at 

front of PCU into / 
50 f l  input of 1 
oscilloscope 

(To s)11c a~locller 
e\.ent) 

I 

Figure 5.2 : Timing diagram of the Continuulll Surelite 11 lase~ 
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pulses lasting 10 ps in duration through a 9 pin D type connector located at the front 

panel. 

5.1.1.2 Target Chamber and Vacuum system 

Figure 5.3 show the internal layout of the laser matter interaction chamber. The 

chamber consists of a standard NW1 5OCF stainless steel cross piece with an internal 

Plano convex lens 
f = 3 0 c m  

4 

Direction of 
Nd-YAG 
laser beam 

Vacuum Chamber 

17 cm - 

X-Y Translation stages I 
Teflon piece 

Figure 5.3 : Layout of the target chambe~ 

diameter of 6 inches joined to a NW1 5OCF standard stainless steel "T" piece. A11 these 

parts are from Varian Vacuum Systems. 

Glass windows mounted on standard NWl5OCF are connected on three sides of 

the chamber for the input Nd-YAG laser beam and for optical diagostics. A X-Y 

motorized stage placed in the chaniber allows the position of the target to be controlled 

from outside of the chamber using a joystick. The maximum allowable translation 
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distance is 1 inch. A simple fixture mounted on the top of the X-Y translation stage 

allows for easy placement and removal ofthe target. The distance travelled by the stage 

can be determined from a digital micrometer readout attached to the X-Y translation 

stage. A modification by making a groove on a CF type flange at the tail end of the 

chamber. so that a rubber 0-ring can be used instead of a copper 0-ling , allows for a 

teflon piece to be placed there, held by the chamber pressure, as shown in figure 5.3. 

This allows tor easy change ofthe target material. The chamber is connected to a SD-90 

Varian rotary pump. The pressure in the chamber was monitored using a HPS model 

Penning gauge. 

5.1.1.3 Data Acquisition and Analysis System 

All signals were nionitored using an eight channel I GSaIs, 250 MHZ Hewlen 

Packard digital logic analymr 16500A. The recorded traces from the logic analyzer were 

downloaded to a PC via a HPIB interface, National I~~strumentsN-468.2 card. Using the 

software library that came with the inte~facc card a program written in C was developed 

and used to tlalster and store the data fronl the oscilloscope in a ASCII file. The time- 

resolution of this oscilloscope is better than 1 ns. The data was then interpreted using 

Lotus 2.2 and Microcal Origin. 

5.2 A Simple Home Made Nitrogen laser for Optical Diagnostics 

The need for a suitable light source for probing the plasma prompted the 

construction of a TEA (short for Tra~lsversely Excited Atmospheric ) Nitrogen laser 

based onthe des ig  of (1881, [189], [190]. [l911 and [192]. The nitrogen laser is an ideal 

source for this work because of its short output duration I 2 ns, intensity and wavelen,d. 
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With a wavelength of337.1 nni. the ni~rogen laser can be used to probe electron densities 

in the plasma up to a critical value of N = 10" cm'.  The short pulse duration prevents 

image blurring due to displacement of the shock front. 

Figure 5.423 shows the schematic diagram of the nitrogen laser and its equivalent 

circuit . The design of the laser is of parallel plate transmission line type [188]. A 

detailed explanation of laser layout is also discussed there. The schematic layout of the 

nitrogen laser is shown in figure 5.4b. Several modification were made to the laser in 

order to be used in this experiment 

Dye Module 

D~rection of laser 

Figure 5.4a : Top view of Nitrogen laser layout 

(1 )  A UV enhanced aluminurn coated mirror was placed at the back end of the laser 

cavity in order to increase the light reflected back into the laser cavity thus 

increasing laser emission and improving spatial beam quality. 

(ii) A dye module was mounted to the output end of the nitrogen laser in order to 
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conven thc nilrogen )aser lighi from 337. l nm io 500 nm. This was done because 

the CCD detectors used in this experiment had a peak response at 500 nm. 

A high voltage supply unit charges the capacilors C1 and C2 to 16 - 18 kV. This high 

voltage supply unit is adapted from the high voltage supply of a television set. The 

common earth base plate was a 780 X 310 mm aluminum plate of 3 mm thickness, and 

the high voltage plates of the capacitors were respectively, 200 X 200 mm (Cl)  and 300 

X 200 mm (C2) aluminum plates of 3 mm thickness. This laser can be triggered 

manually. repetitively or bp an external source. The manual operation of the laser is as 

follows. When the manual trigger is pressed, i t  sends out a positive 15 volt pulse 

which switches a high voltage SCR or Silicon Controlled Rectifier. This high voltage 

SCR unit sends out a negative 800 volt pulse which is stepped up 50 times by a television 

Alurninum plnle ( C l  ) 

1 
Aluminurn plate ( C2 ) 

Plastic Strips 

M?lar Brass electrodes htirror Aluminurn base plate ( erounded ) 

Figure 5.4b : Cross section of the nitrogen pumped dye laser 

flyback transfomler. This negative 40 kV pulse is used to trigger a swinging cascade 

spark gap via an isolation capacitor. The operation of this spark gap is discussed in 
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detail by [192]. When this spark gap is triggered, C2 discharges through the spark 

gap and the voltage across C2 tends to zero. As this occurs Cl discharges through the 

laser channel producing a super radiant discharge. This is the nitrogen laser output. 

The rate of change of voltage across the laser channel i.e. between the brass elctrodes 

is an important criteria that ensures uniforn~ity of the discharge across the laser channel. 

In reference [l 911. this value is mentioned to be 0.5 kVins for this laser. The output 

fioin the nitrogen laser is then focussed onto a dye cuvette by a cylindrical lens, L l ,  with 

a focal length of 5 cm. Couinarin 500 was the dye used to convert the nitrogen laser 

output from 337.1 n1n to 500 nm, The solvent used for the dye was ethanol. The dye has 

a conversion efficiency of a b o ~ ~ t  40 %. A small laser cavity consisting of a fully 

reflecting mirror, M2, and a output nlirror was used to further improve the output from 

the dye module. 

The laser can operate in the repetitive mode by using a UJT or Unijunction 

Transistor circuit to drive the high voltage SCR unit. This mode of operation is useful 

when doing beam alignment for shadowgraphy, schlieren photography as well as 

interferometiy. All the units used in the construction of the nitrogen laser are 

home-made. This paiticular nitrogen laser design was chosen because of its low cost 

and also easy construction. The laser output is approximately 80 - 120 pJ and has a pulse 

width of just under 1 ns. 

5.3 Experimental Setup 

Fig~lre 5.5 shows the experi~nental setup of the whole system. The beam from the 

Nd-YAG laser was focussed onto a vacuum chamber containing a target material by a 

piano convex lens with a focal length of 30cin. The vacuum chamber was pre-filled with 
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nitrogen before pumping down to the required pressure. This was done to stop water 

vapour from getting into the system. The nitrogen pumped dye laser was used as a light 

source for optical diagnostics. Shadow and schlieren optics were set up in order to 

monitor the temporal development of the laser produced plasma in time. A Nomarski 

interferometer was set up to map the electron density of the laser produced plasma. A 

simple home-made CCD camera sync generator was built and tested to allow for up to 

three CCD cameras to be synchronized with one another. This enables up to three 

cameras to be connected together at one time and simultaneously capture images. More 

details of this unit together with the CCD based image capture system will be given in 

the next section. Three CCD detectors were used to simultaneously record the schlieren 

and shadow images on the computer i.e CCD 1 recorded shadowgraphs whereas CCD 2 

and CCD 3 were used to record schlieren images. For the image recorded by CCD2 a 

circular opaque spot for schlieren of diameter I .O mm was used whereas for the image 

on CCD 3 a knife edge for schlieren was used. The difference in the schlieren images 

from both the methods will be discussed in detail in chapter 6. Photodiodes PD 1:  PD2 

and PD3 were used to monitor the time sequence of the events. All the photodiodes used 

in this experiment are BPX-65 PW type unless otherwise mentioned. These photodiodes 

have a rise time of < 0.5 ns. Interference filters, with bandpass range of ( 500 * 5 ) nm 

at FWHM, placed in front of the CCD cameras only allowed light from the nitrogen 

pumped dye laser to pass through while cutting off all other sources of light. 

5.4 A CCD Based Image Capture System for Optical Diagnostics 

In this section. the development of a CCD based system for high speed image 

recording will be described. The system essentially consists of a fi.ame-grabber, a 
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MATROX MAGIC RGB. 011 a ElSA bus computer. The Matrox Magic is a single shot, 

low cost frame grabber with 3 Mbytes of video ram on board which serves as a temporaly 

area from which the grabbed image is displayed before deciding whether it should be 

saved to disk or not. The Matrox Magic is a 8 bit monochrome and 1-4 bit colour frame 

grabber. It has a real time, standard ( RS-170, CCIR, RGB, PAL, YIC ) and non-standard 

acquisition capabilities with digitization rates of up to 40 MHZ for monochrome and 20 

MHZ for RGB. In addition, the frame grabber comes with on-board synchronization 

circuitry to provide stable synchronization for grabbing. The high speed, 33 Mbytesls , 

32 -bit ElSA bus interface offers real time transfers of images from image memory to 

systein memory. A maximum of 2 frame grabbers can be hooked up to one computer 

at one tiine. The fraine grabber comes with a standard C library for full control ofthe 

hardware. 

The grabbed iinage can be stored in a standard Tagged Image File Format or 

TIFF. A RS-422 TTL digital video input on the frame grabber itself allows for a TTL 

trigger to be sent to the board as well as a sync out when grabbing is in process. The 

board can be triggered by a negative or a positive going TTL pulse. \men the board is 

operated in a single shot mode and triggered by a TTL pulse, a 50 ms long TTL sync 

pulse is sent out by the board to denote that it is in the process of grabbing the image 

from the camera. Any image that appears at the CCD camera at that time will be 

captured by the camera. The jitter of this output sync pulse with respect to a fixed input 

is approximately 120 ms. Therefore this pulse was used as a inaster pulse to synchronize 

the rest of the equipment. 

As mentioned earlier, the frame gabber can be connected to one colour or one 

n~onochroi~~e camera at one time. When grabbing a colour image, the frame grabber 
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actually stores the infonnation froin the colour camera in three different surfaces, i.e red, 

blue and green, which is later overlayed to form one colour image. Using this concept. 

three cameras were hooked to the red, blue and green inputs of the frame grabber 

respectively. However, because each individual camera has its own internal sync, i.e. a 

vertical and horizontal sync is necessary image generation on the CCD, when the image 

captured from each CCD is displayed on the computer screen the beginning of each 

image will not coincide at the top of the screen i.e it is random. In order to overcome this 

problem, a sync source, shown in figure 5.6, had to be builtto synchronize the output of 

all the three camera's. This sync generator was designed and built to drive CClR format 

cameras as the CCD cameras used in this experiment were PULNIX TM 6 EX. The high 

resolution ( 756 X 574 pixels, pixel size 8.3 km X 8.39 km ) silicon based '/3 inch format 

CCD cameras have a peak response at 500 nm. These cameras have a minimum 

sensitivity of 0.5 lux. Because of its size and light weight these cameras were easily 

mounted on XYZ translators which made alignment easier. The sync generator shown 

in figure 5.6 can easily be modified to drive a variety of camera fonnats such as RS- 170, 

NTSC and PAL with minimal change. Using the frame grabber together with the sync 

generator and a program witten in C calling some of the library routines, this CCD based 

image capture system was successfblly employed to grab three simultaneous images from 

three separate CCD cameras and individually store them. Image processing routines were 

then carried out on the stored images to extract a variety of information such as pixel 

value for intensity information. 

In the next section, the control electronics , triggering system and necessary 

electronics to integrate the whole system together will be presented. 
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HS - Horizontal Synch output 

VS - Vertical Synch output 

Figure 5.6 : Schematic circuit diagram of sync generator for the CCD system 

5.5 Triggering System and Control Electronics. 

Figure 5.7 shows the schematic diagram for the triggering system. Certain parts 

of the system have been simplified to allow for easier explanation of how the circuitry 

works. As mentioned in section 5.1.1.1, the Nd-YAG laser uses its flashlamp to 

thermally stabilize the YAG rod to ensure stable energy output. At a rate of 10 Hz, it has 

to be continuously pumped for at least 6 seconds before getting a stable output. In order 

to do this witb an external circuit, a clock generator, CL],  witb a ffequency of 10 Hz and 

a pulse width of 10 ps was built. This uses a 555 timer. Its output is sent into a 

monostable multivibrator. The output of the clock CL1 is then sent to decade counter 

DC1 which counts up to l00 pulses before its output goes high fro111 a ground state. 

When the output of DC1 goes to a high state, the counter stops counting. A master 

trigger unit triggers a monostable multivibrator wl~ich in turn sends a pulse lasting 100 
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ps to the gate of SCRI. This causes the voltage ofthe output of DC1 to be drained to 

ground and causes DC1 to resume counting again. The output of CL1 and DC1 are fed 

to a AND gate AN1. This was done so that when the output of DC I goes to a high state, 

the input at AN1 will be low thus inhibiting the clock pulse from going through and 

triggering the flashlamp of the Nd-YAG laser. When the output of DC1 goes high, it 

simultaneously triggers a delay unit DL1 which is set to 110 ms. DLl in tum triggers the 

frame grabber which sends out a 50 ms TTL pulse that denotes it is ready to grab the 

image at the CCD cameras. The sync fiom the frame grabber triggers MM1 which in tum 

triggers the flashlamp of the Nd-YAG for the last time and after being delayed for about 

200 ps triggers the Q-switch input of the Nd-YAG laser producing the laser output. 

Simultaneously. a third output fiom MM2 is used to trigger delay unit DL3 which in tum 

triggers the Nitrogen laser circuitry as shown in figure 5.7 to produce the nitrogen laser 

output. By adjusting DL3> the time between Nd-YAG laser and Nitrogen laser outputs 

can be varied in order to get time resolved images ofthe laser produced plasma. In short, 

when the master trigger unit is pressed, it causes the flashlamp of the Nd-YAG laser to 

flash for 100 times before triggering the frame grabber after a delay of I I Oms. The frame 

grabber then triggers the flashlamp of Nd-YAG laser. After a delay of 200 ps the Q- 

switch input is triggered to produce the Nd-YAG laser pulse. The Nitrogen laser 

electronics is also triggered. A delay unit placed at the Nitrogen laser unit allows for 

adjustment of the time between the Nd-YAG laser pulse and the nitrogen laser pulse. 

The jitter ofthe whole systen~ was measured to be in the order of 50 - 100 ns which is 

largely due to the spark gap of the nitrogen laser. 
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5.6 Experimental Setup for Laser Shadowgraphy. 

The schematic diagram ofthe laser shadowgraphy layout is illustrated in figure 

5.8 using the TEA nitrogen pumped dye laser with h = 500 nm in a divergent beam. 

A critical aspect of the shadow method is the size of the light source. In order to 

create a point source: the laser beam was passed through an aperture (A) of 1 cm diameter 

and a lens (Ll) with a focal length of 23 cm. The pinhole (P) of 200 pm diameter placed 

Interference 
L2 P2 L3 Filter 

Laser h I / 
Beam 

Figure 5.8 : Experimental setup for laser shadowgraphy 

in the focal plane of Ll spatially filtered the beam and created the "point" source. 

With a beam diversence of 1.3", a circular area with a diameter of 40 mm was 

explored at the region of interest (the distance from the point source to the plasma was 

101 cm). The lens (L?), with a focal length (Q of 40 cm, was placed at 40 cm (t) from the 

plasma so that the plasma self-light emerges as parallel from the lens L2. A pinhole (P2) 

of 1 cm placed at the image plane of the pinhole (P) formed by lens (Ll)  only allowed 

light from the nitrogen laser to pass whilst most of the plasma self-light is cut off. The 

laser beam did not interact with the pinhole. Between the pillhole (P?) and the CCD a 

interference filtel- for the nitrogen pumped dye laser wavelengh of 500 MI was used to 
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cut off the rest of the plasma light 

5.7 Experimental Setup for Schlieren Photography. 

Figure 5.9a shows the experimental setup for dark-field schlieren photography. 

Basic aspects ofthe arrangement is similar to that of shadowgraphy. The main difference 

between the two methods lies in the fact that a knife edge(KF2) placed at the image plane 

L3 
Interference 

Filter 
ND l 

Figure 5.9a : Experimental setup for Schlieren photography using a knife-edge 

of pinhole (P) cuts off all light if there is no plasma. When a plasma is produced, light 

L2 L j Interference Filter 
ND I 

Figure 5.9b : Experimental setup for Schlieren photography using a circular opaque 
spot 
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rays passing through the plasma are deflected by the electron density gradient causing the 

light rays to be either deflected downwards or upwards over the KF2 ending up on the 

CCD. This results in an image ofthe first order density gradient on the film. Instead of 

using a knife edge a circular opaque spot measuring 0.5 mm was used. The knife edge 

only allows for deflections in one direction to pass over it. In the case of the circular 

spot. it allows deflection in either directions to pass. This yields more information on 

recorded by the CCD. 

5.8 Setup for Laser Interferometry. 

Minimal lnodifications were made to the experimental setup shown in figure 5.5 

in order to incorporate the interferometxy setup. The path le,ading to CCD 1 was 

modified in order to do this. Polarizers PI and P2 were placed at positions shown in 

figure 5.1 0. A 20 pm needle was placed at the position of the ta.rget to determine the 

postion of best focus for the CCD. Once this procedure had been carried out, the nitrogen 

laser is set on repetitive mode and the position of the Wollaston prism is varied gradually, 

until interference fringes appear on the screen. The distance between fringes and 

orientation of the fringes can be altered by adjusting the position as well as the orientation 

of the Wollaston prism. Polariser, P2, is adjusted so that optimal picture quality is 

achieved through varying the intensity of the two interfering beams after the prism. 

Figure 5.1 1 shows a sample interference pattern obtained using the setup in figure 5.1 0. 

The laser will be incident from the left side of the interferogam. 
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Figure 5.10 : Experimental setup for interferometry 

FigureS. 11 : Interference pattern obtained using the setup in figure5.10 
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5.9 Soft X-ray detection using PIN diodes 

30 mm 1 -45  V 
P 

BPX-65 

47 "F 

Photodiodes Screw 

(a) 
To oscilloscope 

r--- 

- 

Figure 5.12 Five channel X-ray PIN diode unit 
a) construction 
b) electrical circuit 
c) experimental setup 

Time-resolvcd soft X-ray measurements were carrled out using the five channel diode 

(soft) X-ray spectrometer placed radially at a distance of 10 cm from the target (see fig 

For the puposc of X-ray detection the glass window of the TO-1 S casings of the 

diodes were ~.emoved. Each diode was reverse-biased at 45 V with the circuit illustrated 

in figure 5.12b [180]. 
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The absorption foil combinations of the five channels wer~e: 

XI (channel 1 ): 4 pm aluminurn foil 

X2 (channel 2): 7 pm aluminum foil 

X3 (channel 3): 10 pm aluminum foil 

X4 (channel 4): 14 urn aluminurn foil 

X5 (channel 5): 20 pm aluminum foil 

The X-ray transmission c m r s  for these foil combinations as well as the resultant 

sensitivity ofeach channel are given in figure 5.13 

Energy (keV) 

Figure 5.13 : Sensitivity curves of the filtered PIN diodes used in the experiment 
( calculated based on values from [l 861 ) 
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Chapter 6 

Experimental Results 

In this chapter. the results from the laser-matter interaction experiments are 

presented. Several different target materials lead. copper, silicon. aluminurn and PVC. 

were used in the course of the experiments. 

The determination ofthe spot size of the laser is presented firrt. This is followed 

by the shadow, schlieren and interferometric results. The computer aided schlieren 

simulation is presented next. Finally, x-ray time integrated measurements are presented. 

6.1 Spot Size Estimation. 

Spot size estimation is a very important step in a laser matter interaction 

experinlent. By determining the spot size, the power density at the tarset surface can be 

estiinated so that simulation to determine other parameters such a:; electron density, 

temperature, shock speed etc can be carried. Here, a simple method was devised to 

estimate the spot size. A piece of polished silicon slab with a thickness 0.7 mm was 

placed on the hoIder of a X-Y translation stage 117 a vacuum chamber as shown in tig 6.1. 

Tlle nlovement ofthe translator was monitored using a digital micrometer attached to the 

translator itself. The translator had a precision of 1 vm movement in each direction. A 

hig11 power solid glass absorbing type neutral density filter was used to reduce the amount 

of laser light reaching the target until it barely made a mark on the surface of the silicon. 

The chanlbel- was pumped down to a prcssurc of about 1 inTorr in order to avoid 
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Vacuum Chamber 
To pump 

Plano Convex lens 

Ncutial Density X-Y Translation stages l 
Filter Teflon piece 

Figure 6.1 : Setup for spot size estimation 

breakdown of the gas in front of the target as well as to eliminate the formation of a 

shock wave that may exaggerate the actual size of the spot at the foci~s of the lens. Next, 

the laser was fired while moving the target with fixed increments of 0.2 mm in the 

direction away from incoming laser beam. At the same time, the target is displaced in the 

direction perpendicular to the beam so that the laser does not hit the target in the same 

place twice. After several shots, the target is taken out of the chamber and examined 

under a microscope to determine the size of the spot made by the laser. Once the 

position ofthe sn~allest spot is known. a new silicon target is placed in the chamber and 

the whole procedure repeated with a smaller increments. This procedure is repeated until 

the minimum spot size is obtained. 

Figure 6.2 shows several images taken ofthe spot at the focus of 2 different type 

of lenses. The spot size measurements were taken at several positiol~ along the focus of 

the lens. The lenses used here are KPX-205 and LCX-061 both from Newport 

Corporarion. 
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Figure 6.2 : Spot sizes along the axis for two different types of lenses used in the 
experiments here. (a), (b) and (c ) are spots for a plano convex lens focal 
length 30 cm and a diameter of 50.8 mm ( Newport model KPX-205) 
whereas (d) is for a GRIN lens focal length 9 cm and diameter of 20 mm 
(Newport LCX-061). Note: Please refer to table below for the size of the 
corresponding spot size of the photographs above. They are marked as 
superscripts 

Type of lens 

Plano Convex 

( f = 3 0 c m )  

Table 6.1 : Spot size of the lenses used in the experiment at different positions from 
the focus. Note that the position is measured with respect to the focus of 
the lens. 

Note : The spot size is taken to be the largest measured diameter. 

- 

Gradient Index 

( f = 9 c m )  

Table 6.1 shows the estimated spot size for the lenses used in the experiments carried out 

here. Using the Gradient Index or GRIN lens it was possible to reduce the spot size by 

117 

Position (mm) 

1 1 .O'"' 

6.0'b' - 
O.OO 

Spot Size (pm) 

275.2 

165.2 

O.O'd' 39.4 
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a Pdcror of ar least 4 tlnies compared to focusing by an ordinary plano covex lens (f = 30 

cm). This in turn increases the power density by a factor of 16. This irnprovemcnt is 

significant towards the production of x-rays. 

6.2 Shadow and Schlieren Photographs 

In this section, the shadow and schlieren photographs obtained using the CCD 

based camera system arepresented. Thc experimental layout of the system is shown in 

figure 5.5. Tlie time delay between the main Nd-YAG laser and the nitrogen laser was 

measured by monitoring the signals from photodiodes PD 1 and PD 2 on the oscilloscope. 

Figure 6.3 shows a sample of the oscilloscope trace from the experiment. The method 

used to calculate the time delay , t,, is also shown in same figure. 

Figures 6.4 - 6.23 show the shadow and sclilieren images taken of laser produced 

plasmas using silicon. leadl aluminum, copper and PVC targets at pressures ranging 

between 0.1 Ton- to 100 Torr irradiated with laser intensities fro111 3 X 10" up to l .5 X 

10" Wans icni'. To make an accurate comparison between shadow and schiieren 

ima~es ,  the images on figures 6.4 - 6.23 are shown with the top half showing the 

schlieren image and the bottoni half showing the slladowgraph taken for that particular 

time. The schlieren images were those taken using a 1.0 nlm cil.cular stop. Figure 6.4 

shows shadow and schlieren pictures in the original state as obtained directly from the 

CCD image capture system. The remainder of the shadow and schlieren images were 

inverted, i.e. gray scale inversion black is replaced with varying degrees of white and vice 

versa. for ease of representation in this thesis. 
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Figure 6.3 : Typical oscilloscope trace used for ~nollitoring the time delay of the Nd- 

YAG laser pulse with respect to the nitrogen laser pu~lse 
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The shadow and schlieren images in figures 6.4 to 6.23 show that during the 

initial period of the laser pulse a dark nucleus is formed. This region is referred to as a 

"plasma flare" in some references [ l  941. This region has a sharp boundary and is most 

of the time surrounded by interference rings indicating a high gradient of the index of 

refraction. The presence of a large gradient of the index of refraction precludes the 

appearance of a direct image of the opaque region in the shadowgraphs as well as 

schlieren photographs. This region represents a region of very dense matter as shall be 

shown in interferogra~ns obtained at similar times in the following section. This dark 

nucleus can be observed in most of the images in figures 6.4 - 6.23 as early as 2.8 ns ( see 

figure 6.6 for air at a pressure 1 ton.). The images in figure 6.4 show that this opaque 

region expands at a rate of about 1.99 cmlps during the first 11 ns and then comes almost 

to a stop in the next frame which is at l jns. This dark nucleus remains until about 50 ns 

after which it is no longer visible in either the shadowgraph or schlieren photographs. 

In some of the images, such as in figure 6.8 for frames beginning from 65 ns through 86 

ns and in figure 6.10 for the 64 ns frame. the refracted rays are visible beyond the target 

in the form of light bands. The sign ofthe refraction indicates the appearance of regions 

in which the electron density decreases in the direction of the target surface [194]. This 

seems to be due to the low temperature of matter in these regions. According to 11941, 

the appearance of an opaque region in a relatively cold and dense plasma can be 

explained by expansioil due to a short pressure pulse [l 98][199]. This phenomena is also 

referred to as ablation pressure as mentioned in chapter 2 [30]. Using a simple 

approximation used in [191], the characteristic average value of this pressure can be 

detennined using the relationship 2 = 2 where c is the mean velocity of sound in the 
C 

vaporized material and q the power density at the target surface. For a value of q = 10" 
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~ l c m '  and = 10' cmls. the ablation pressure 5 = 10"tm. During the expansion of the 

material that is subjected to dynamic co~npression of this magnitude a partial or even 

complete vaporization is possible [S1 1. Ejection and even breaking of the material may 

also be possible. In fact breaking of the material was observed for silicon targets for 

power densities of 1.2 X 10" Wlcm'. 

At the end of the laser pulse the plasma expands adiabatically[] 94][196]. The 

expansion velocity normal to the surface should be larger than that parallel to the surface 

and is so observed in the experiments. The material heated by the laser pulse expands 

and forms a shock wave that is shown in the schlieren and shadowgraphs. The shock 

wave which develops can be seen as distinct dark and bright bands in the shadowgraphs. 

This shock wave can be seen traveling outwards into the ambient gas as early as 2.811s in 

figure 6.6. 

It can be seen from the images in figures 6.4 - 6.23 that the shape of the shock 

varies from material to material as well as for different laser power densities. In almost 

all cases. in air for a pressure of l00 Torr breakdown occurs not only at the target 

material but also at several points in the gas in front of target surface. This phenomenon 

can clearly be seen in f iyres  6.16. 6.19 and 6.23. A detailed analysis of the 

shadowgraphs also reveal that as the power density at the target surface is increased, this 

phenomenon becomes more and more frequent, see figure 6.13 at early times. According 

to [191], the tarFet surface forms a sylnlnetry plane and in this case the motion would be 

spherically symmetric if the angular distribution of the initial velocity were uniform. 

However. the velocity of the material at the target is mainly directed nonnal to target 

surface in the plocess of vaporization. Hence it is clear that a plane target introduces 

some asymmetry into the plasma motion even at a late stage of the expansion. At later 
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times the motion of the shock front resembles a strong point explosion in a homogeneous 

atmosphere [ l  95:1[196][197]. 

Using the images from figures 6.4 to 6.23, graphs of axial displacement vs. time 

were created as shown in figures 6.24 to 6.29. From these graphs, the velocity of the 

shock front was obtained by first fitting the curves in figures 6.24 to 6.29 and then taking 

the derivative of the fitted curves. These graphs show that the peak axial shock velocity 

lies in the range from 4.0 - 20.0 c d p s  with the peak recorded for a polyvinyl chloride or 

PVC target in air at a pressure of 1 torr. It can also be seen from this data that the shock 

velocity is weakly dependent on the type oftarget material (see figure 6.32). The velocity 

vs. time curve shows that the velocity of the shock wave peaks sometime during the 

initial stages of the breakdown and then starts to decay exponentially as time goes by 

[ l  95:1[196]. This process continues until the shock speed finally falls below the ambient 

sound velocity after which it dissipates. The material parameters in a strong shock wave 

are determined for a given equation of state by the initial gas density and front velocity. 

Thus according to [l  941, the gas pressure behind the front can be given by 

where p is compression, p ,  is the density of the unperturbed gas. 

Thus, for a shock front velocity of 12 cmlps and when p,  = 2.6 X 10" p,, where p, is the 

air density under normal conditions and P = 10, the pressure turns out to be p? = 5 X 10' 

atm. 

Fisures 6.31 and 6.33 show that there is a strong influence of pressure on the 

shock velocity. It can be seen that the shock velocity decreases as the pressure increases. 
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When gas pressures are high, strong turbulence of tlie heated gas and a decrease in shock 

velocity is always observed. Figure 6.3 1 shows that for silicon the initial shock velocity 

at 1 torr is almost 2 times greater than the initial shock velocity at 100 tom. However, 

in the case of lead this difference is almost 4 times. A simple explanation for this can be 

obtained from [194], which states that the vaporization of materials with a low heat of 

sublin~ation is so high that the vapor density exceeds 10" cm". In this case the gas 

motion is acconlpanied by a well developed turbulence leading to a significant distortion 

of the shock front shape. Moreover, such a high density can cause localized breakdown 

ofthe vaporized material. A conlparison of the graphs from figures 6.24 and 6.25 shows 

that for silicon in air at a pressure of 100 tom the initial velocity is higher for a higher 

power density. It can also be deduced from figures 6.2s and 6.29 that there is a very 

weak dependence of increase in laser power density on shock front velocity for lead. 

Another unique feature only seen with lead targets is that the material exhibits a jet like 

nature as shown in figui-es 6.1 5, 6.16, 6.1 7 and 6.18. This jet like feature becomes more 

distinct as the pressure decreases and for higher laser power densities. 

Figures 6.30 and 6.32 show the dependence of the propagation of the shock 

wave on different types of target ~naterials in air at 100 torr for a fixed laser power 

density of 3.12 X 10" ~ i c m ' .  From these graphs, it can be seen that the aluminum and 

lead have similar shock wave expansion characteristics as so too is the case between PVC 

and silicon. This is due to the fact that aluminuni and lead have lower heats of 

sublimation which causes these materials to have vapor densities in excess of 101%m-'. 

This causes the shape of the shock wave that is formed to be distorted in the axial 

direction normal to tlie tarset surface. Tliis is an indication why silicon has tlie highest 

initial axial shock velocity, followed by PVC, lead and finally alui~~inuiii. 
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Figure 6.34 : Log (displacement) vs. log(ti1ne) plot for PVC tarset at 2 different 
pressures. Laser irradiance is at 3.12 X 10'" W/cm2. 

- 

- 
0.5 - - - - 

2 - - 
"d 

- 

2 - 
0.0- 

- 
2 - - 

-0.5 - 

- 

-1.0-, 

As mentioned in the earlier part ofthis section, the shock wave appears as distinct 

,. I' 

,.- o 
I' - ,  

, o 100 torr  
0 

0 10 rorr 

I I I 

dark and bright bands in the shadowgraphs and schlieren images. These features are very 
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distinct at a pressure of 100 toll.. As the pressure is reduced to 1 torr, the shock appears 

as lizht bands of dark and bright lines. The strength of the shock is characterized by its 

Mach number i.e. the ratio of the speed of shock over the speed of sound at ambient 

conditions. The fonnation of the dark and bright bands on the schlieren images depends 

on the first order electron density gradient which stronzly influences the deflection angle. 

Although the shock is the strongest at the lower pressures, the first order electron density 

gradient across the shock becomes smaller as the pressure decreases. This results in 

smaller deflection angles and more light being obstructed by the schlieren stop from 

arriving at the CCD. Thus, the resulting schlieren image has faint bands appearing on 
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them. In some cases at 1 torr shock is only visible in the shadowgraphs (figure 6.6 ), 

indicating the limit of the sensitivity of the schlieren method used here. Another point 

to note is that as the pressure decreases and the density gradient across the shock becomes 

lower, thus more laser light is able to reach the material surface. This is because the 

density across the shock now becomes smaller compared to the critical density for Nd- 

YAG at l .06 pm. So instead of being absorbed by the shock the fraction of laser light 

that can pass though the shock and heat the material becomes higher. 

Figure 6.34 shows a log displacen~ent vs. log time plot for PVC in air at a 

pressure of 10 and 100 tom. The laser irradiance was 3.12 10" Wlcm'. Taking the 

gradient of the lines drawn in the figure 6.34, it is found that the gradient of the lines for 

t 20 ns lies between 0.67 and 0.75 whereas the gradient at later times the gradient lies 

between 0.37 and 0.41. This shows that during later stages of time, the motion of the 

shock front fined the predicted values from the blast wave theory i.e. r - to ' .  However, 

the early expansion even after the laser pulse has ended was more rapid, suggesting that 

more energy was being delivered to the blast wave system from the heated PVC plasma, 

perhaps as result of recombination [210:) [21 l] . 

.Analysis canied for the other materials showed that during the later stages of 

time the radius of the shock varied as t"' or tU3 instead of t"'. Tllis maybe because at low 

densities the plasma behind the wave becomes transparent to recombination radiation and 

thus lost energy [212]. Measurements in the blast wave phase provides a useful method 

of studying the amount of laser enel-gy absorbed by the target. Basov et. al. [l941 pointed 

out the possibility of using a weak laser pre-pulse to produce a vapour atmosphere in 

which a plasma produced b! a powerful laser pulse could expand This method might 

mve useful infornlation of the thernlodynamic propelties of vapours of refractory 
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phase shift. 

Figure 6.35 shows an interferogra~n taken 26 ns after the end of the laser pulse of a lead 

target in air at 100 ton. The irradiance of the beam at the focal spot was estimated to be 

3.12 X 10"' Wlc~n'. A series of white arrows were drawn on figure 6.35 to show the 

position at which the electron density was estimated. Using the same method a series of 

interferogralns for different materials by varying the pressure and laser irradiance were 

analysed. Two examples are presented in figures 6.36- 6.37. 

The interferograln in figure 6.35 shows the existence of a dark nucleus as 

mentioned in the previous section. The interference fringes tend to disappear into this 

region. This could be due to the fact that the electron density in this region is very much 

higher than the critical density at the wavelength of the probe beam thus blocking the 

probe beam from passing through it. The same observations were made of the 

shadowgraphs and schlieren images in the previous section. The interferogram also 

shows that density is highest near the target surface. The nlaxin~um density occurs at 

about 0.7 1n1n from the target surface. If we follow the path along interference fringe 

number 3, we see that it bends to the right reaching a maximum deviation from its 

original position before bending back to its original position at the centre and resuming 

to bend to the right again. This shows that the electron density is distributed in a thin 

layer and that the density at the centre is very low[194][30]. Figure 6.35 also shows that 

there is multiple breakdowns before the target surface. This phenomenon is frequently 

observed at gas filling pressures of about 100 torr in the experilnents carried out here as 

reported in the previous section. 

Figure 6.36 shows a 3 dimensional plot of the electron density profile as a 

function of position for lead at 100 torr. The laser irradiance at the focal spot under these 

l54 
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Figure 6.38 : Typical PIN diode signals of a laser at 1.4 X 10" w/cm2 irradiating a 
lead target in air at 100 ton 

the absorption in this case takes place in a region away from the critical density surface 

or below where the ion density is more than 30 times lower than the solid one. 

Figure 6.38 shows some typical PW diode signals from a Nd-YAG laser 

irradiating a lead target in air at 100 tom. In all the experiments carried out here, the laser 

irradiance at the focal spot was fixed at 1.4 X 10'' W/cm2. NO x-ray signal was observed 

at lower irradiances. The A1 filters used in these experiments cut off all emission below 

0.7 keV. So the contribution to the signals mainly comes from x-ray photons above 0.7 

keV. This is in agreement with the results shown in [209] which primarily shows that at 

lower irradiances the main emission comes from the 0.1 to 0.75 keV region. We are 

unable to explore this region in more detail due to restrictions with the type and 

thicknesses of filter material available to us. In the experiment carried out here two basic 
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assutnptions are made i.e i )  the elnission has an isotropic behaviour and i i )  all the PM 

Figure 6.39 : X-ray yield dependence on pressure for 4 different target material 

diodes have an identical response. To convert the x-ray sicgal into energy yield, the area 

under each curve is calculated by numerical integration. This value (in Vs) is then 

divided by the resistance in the photodiode biasing unit to give the charge collected by 

each photodiode. The ratio of the areas of the diodes ( each with a different filter ) taken 

in pairs is used with the sensitivity curves in figure 5.13 to find the energy of the x-rays 

emitted. Once the energy of the x-rays have been determined, the sensitivity values for 

that energy are used to calculate the x-ray flux. Experiments were carried out for 4 

different target materials i.e. lead, copper, PVC and silicon. To give an idea of the 

accuracy of this method, the copper spectrum using this method was found to be in the 

range of 1 .OS - 1.15 keV. This range of energies are well in agreement with the values 

reported by [208][209] who has shown that the copper spectrum has a broad peak 
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extending from l keV to 1.4 keV for the laser irradiances used here. 
-. 

Using the method mentioned earlier, the x-ray yield for the various materials 

were compiled and presented as a function of pressure in figure 6.39. A general feature 

of this curve is that the x-ray yield increases as the pressure drops. This is because as gas 

filling pressure is decreased more energy is transferred to the target as a result of reduced 

occurrence of breakdown in front of the target surface. From the data obtained the 

highest x-ray yield is for lead at 5%, followed by copper at 2%, silicon and finally PVC. 

This corresponds to energy yield of 21 mJ for lead, 7 mJ for Cu , 1.4 mJ for Si and 

finally 1.0 mJ for PVC. These values agree well with values reported in [12]. 

6.5 Results of Numerical Simulation of the Deflection of Light Rays 
Propagating Through a Cylindrical Plasma 

In this section, the results from computer simulations of dark-field schlieren 

pictures of the laser plasma will be presented. As mentioned earlier in chapter 4, the 

treatment of the problem here follows closely that of [l  701 to obtain the deflection angle, 

a for a given density profile. Once the deflection angle had been calculated, a ray tracing 

method similar to the one in [ l  581 is used to compute the location of the light ray on the 

screen. 

The density profile was generated using an equation from [ l  581 which is shown 

as eq 6.3 below 

No N - N o  r - r ,  AI r - r ,  ,, X -+- tanh - +-tanh: 
' 2 2 d, 2 dz 
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With the con~puting resources available. the time consuming numerical integration of 

equation 4.10 could be solved wit11 the aid of a supercomputer. A typical program to run 

a 200 point profile, which would take 10 to 12 hours on a pentium 100 personal 

computer, takes only half an hour to one hour on a NEC SX-3A supercomputer. The 

code written for solving the numerical integration of equation 4.20 was tested on at least 

5 supercomputing platforms ( Cray T-94, 4 processor Silicon Graphics Onyx, 12 

processor DEC Alpha. 8 processor IBM and NEC SX-3A) before settling on NEC SX- 

3A. 

The program was then checked with the density profiles in [ l  581 to confirm its 

accuracy before it was used to simulate profiles related to the experiments carried out 

here. The results obtained were found to be in good agreement with those reported in 

[l  581. The path ofthe beam after the plasma is ray traced to the detector plane as shown 

in figure 6.41. In order to obtain the intensity profile at the CCD plane, the distribution 

ofthe rays arriving at the detector plane is taken. The beam stop of radius, , placed at 

the focal plane of the beam passing through lens, LI,  determines whether a schlieren 

picture occurs and which part of the angular distribution contributes to it. 

Using the density measured in [l  941 as a reference, several density profiles for the 

plasma at t, = 90 ns were generated and the intensity pattern at the detector plane studied. 

The final form of the density pattern for t,= 90 ns was generated using the following 

parameters, No - 1 10'' c~n.', N - l Y 1019 cm-3, d l  =0.07, d3 = 0.037 mm. r, = 1.299 

mm, r, = 1.372 mm and the profile is shown in figure 6.41. T l ~ e  computed deflection 

angle as well as the intensity profile distribution at the detector plane is shown in figure 

6.42. The electron density profile presented in figure 6.41 was found best to reproduce 
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be el~minated. Thus, only one white band would appear on the CCD screen. This feature 

is what distinguishes the usage of a opaque stop from the knife-edge. The results 

presented here make use of equation 6.3 to generate the electron density profile to be used 

in the calculation of the deflection angle. The results obtained here are the best we can 

obtain using this equation. However. this equation may not best reproduce the density 

profile for laser produced plasmas. 

Using this method scans could be made ( see figure 6.43 ) t o  obtain the profiles 

of the electron density in various directions, for instance the scan along the centre of the 

laser beam ( indicated by a double arrow head )from the shock front to the target surface. 

Such a scan would show two major density features one corresponding to the shock 

density structure at A and the other to a second density structure at B separated by a 

distance of 1.3 mm. This picture ( from figure 6.43) agrees with Hyades results (figure 

6.48 pg 173) showing two density structures separated by a distance of 1.5 mm at t = 60 

ns for irradiation of silicon target in l00 torr air ( but at an irradiance of 1.26 X 10" 

'#!cm'). The feature B may be identified as the contact surface, a remnant of the density 

front which earlier was drivinz the shock front. 

Further work using this computer schlieren technique is progressing and will 

produce quantitative electron density profiles from the experimental schlieren 

photographs. 
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6.6 Results from Numerical Simulations Using Hyades 

In this section, the results from Hyades will be presented. Hyades, a ID 

Lagrangian code, was used to simulate various experimental conditions as carried out 

here. Figures 6.44 to 6.46 show some typical results from Hyades. In this section, the 

results obtained from Hyades will be discussed. Comparison with the results from the 

experiments will be made in section 6.7. All results from Hyades are obtained for 

conditions using spherical geometq unless otherwise stated. This is because at the times 

of interest in the work carried out here, lateral expansion [30] of the plasma, i.e. in the 

direction perpendicular to the direction of the laser beam, plays an important role. This 

consideration is taken into account when Hyades is run using the spherical geometry 

option. Another parameter that was fixed is the type of ionization model used. Although 

Hyades gives 4 models to choose from. all the simulations here were run using Saha. 

Figures 6.44 and 6.45 shows typical outputs from Hyades for a laser interacting 

with a lead target in air at 100 tom. The power density at the target surface is 1.40 X 10" 

Wlcm'. It can be seen that the electron density reaches a maximum of 1.98 X 10" cm" 

about 14 ns after the laser pulse had ceased. This value then slowly decays to 0.5 X 10" 

at about 70 ns. The distinct shape of a sudden jump in the value of density in the 

figure 6.44 represents a shock front moving outwards into the ambient gas. From this 

graph the initial average velocity during the first 15 ns is found to be 2.72 cmlps. This 

value is in agreement with the experimental values obtained here and also those reported 

in [194][30]. 

Figure 6.45 shows the electron temperature output fro111 Hyades for lead at the 

same power density in air at 100 torr. The maximum electron temperature conlputed is 

60 eV (not clearly seen in figure 6.45) immediately after the laser pulse has ceased. The 
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D 1.4 X 1 0 " ~ c m ~ '  at I torr 

X 1.4 X l O " ~ c m ~ ' a t 1 0 t o r r  
0 1.4 X 1 0 ' 2 ~ c m ~ 2  at 100 torr 
o 1.26 X 10"Wcm-2 at l 0 0  torr 
0 4.55 X I Oi"cm-' at 100 torr 
+ 3.12  X I O i ~ c m ~ '  at l t o r r  
a 3.12 X 10'"cni2 at 10 torr 
x 3.12 X 10'oWcni' at 100 torr 

100 200 
Time (ns) 

Figure 6.46 : Peak electron temperature as function of time for varying laser power 
densities at different pressures for lead. 

Table 6.2 shows the compiled electron temperature results for lead, silicon and 

aluminum. Table 6.2 shows that at 1.40 7 10" Wlcm' lead has the highest electron 

temperature . This is followed by silicon and then aluminum. However at 3.12 X 10'" 

Wlcm', there is very weak dependence of peak electron temperature on type of material. 

From table 6.2 for materials other than lead, the peak electron temperature occurs away 

from the target surface and at later times after the laser pulse has ceased. 

Tables 6.3 and 6.4 show the results of peak electron density values obtained from 

Hyades. The results differ from one another in the fact that table 6.4 shows the 

maximum value behind the shock fiont whereas table 6.3 shows n~ax in~um density for 

that particular time. The reason for this is to determine where most ofthe energy from 

the laser has gone. Fro111 table 6.3, the highest peak electron density is recorded for 
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Material 1 Power Density 
(Wlcm') 

Lead 1 4.55 X 10'' 1 l00 1 9.12 1 6 1 0.00 1 

Pressure 
( Torr ) 

100 

I0 

1 

Note : Position refers to distance measuredfrom the targer surface 
Table 6.2 : Peak electron temperatures from Hyades for 3 different materials 

irradiated with varying power densities in air at different pressures. 

Peak Te 
(ev)  

7.09 

8.26 

8.27 

Time 
(ns) 

6 

6 

6 

Position 
(mm) 

0.00 

0.00 

0.00 
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Silicon 

Note : Position refers to distance measured from the target surface 
Table 6.5 : Peak electron densities from Hyades for 3 different materials irradiated 

with varying powel. densities in air at different pressures. 

Aluminurn 

Material Power Density 
(Wlcm') 

3.1 2 X 10" 

1.40 X 10" 

Pressure 
( Torr ) 

100 

100 

Peak Electron 
Density ( X  1018 cm-? 

Time Position 

0.82 

106.0 

169.0 

Silicon 

15 

25 

Lead 

0.00 

0.00 

Note : Position refers to rlistarlcc nzens~oedfroin the rargeet suiface 
Table 6.4 : Peak electroll densities behind the shock front from Hyades for 3 different 

materials ilradiated with varying power densities in air at different 
pressures. 

4.55 X 10"' 

1.26 X 10" 

Alumintun 

100 

100 

3.12 X 10"' 

1.40 X 10'' 

66.4 

94.1 

100 

100 

20 

20 

82.1 

218.0 

0.4 1 

0.40 

29 

15 

0.43 

0.60 
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silicon. followed by lead and finally aluminurn. The values of electron density obtained 

from Hyades are of the same order of magnitude as the values reported by various authors 

in [30]. It can be seen that two factors strongly influence the values of electron density. 

These factors are gas filling pressure and laser power density. Of these two factors, gas 

filling pressure seems to play a more important role as long as the power density is 

sufficiently high. As the gas pressure is increased one order of magnitude, the peak 

electron density also is found to increase by one order of magnitude. 

6.7 Comparison Between Results from Hyades and Experimental 
parameters 

Figure 6.47 shows the results from Hyades and the experiment for lead in air at 

l00 torr irradiated with a laser at 3.12 X 1 O ' ~ I c m ' .  It can be seen that shock 

displacements computed from Hyades using a planar geometry show a very big departure 

from the actual experimental results. However, there is good agreement between results 

fro111 Hyades using a spherical geometry and the experimental results. This shows that 

lateral expansion of the plasma plays an important role in the expansion of the plasma at 

later times after the laser pulse has ceased. Similar conclusions were also drawn from 

co~nparison at other conditions. In general, Hyades using spherical geomtry gives good 

agreement with experiment. However, it is possible also to estimate the shock position 

and velocity by using a simpler model developed here based on the snow plow model 

12021. 

Without going into details about mechanisms. if we assume that all the mass is 
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energy into a specified thickness of the solid, then calculating with small increments in 

time At the speed v using equation 6.4, followed by the radius using r = r + i 2 x A t ,  

followed by the swept-up mass using equation 6.5 and repeating. 

3 

2 

- sno 
l 

0 
20 60 100 

Tirne (ns) 

Figure 6.49 : Typical result from the snowplow model with points obtained from 
Hyades (figure 6.48) and experimental results plotted for comparison. 
For the snowplow model, 450m.J was dumped into I m of the solid 
material. silicon. 

Figure 6.49 is a typical result from the snowplow model for 450m.J of absorbed 

energy for a typical solid with a density of 3kgm-3 in a gas with a mass density of 

0.17kgm-~. This computation should give results similar to the results of the Hyades 

computation shown in figure 6.48 and to experimental results if we guess the amount of 

energy absorbed and the initial mass correctly. In this case we have taken E,,, as 4 5 0 d  

and the mass ablated as coming from a 1 pm layer from the target Since both the 

computations are one dimensional, it is not possible to reproduce the detailed structure 
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shock fiont and velocities from the code. The dynamics of the shock front was shown to 

be almost independent of the laser intensity over the range of 10"'-l 0"Wcm.2. 

The 1D Langrangian codes are able to give estimates of absorption fraction 

without experimental input. The code shows that almost 100% of the laser energy is 

absorbed by inverse bremsstrahlung which agrees with previous experiments done near 

these intensities [203]. Also profiles oftemperature and densities can be obtained which 

can be compared to experimental results. 

The less complex snow plow model allows us to immediately see that the speed 

of expansion is controlled only by the amount of energy transferred to the plasma. With 

the estimate of the energy absorbed and the amount of material it is absorbed into, it is 

possible to make an estimate of the temperature of the plasma and the amount of soft x- 

rays emifled [204]. The snowplow model also matches the actual energy used in the 

experiments more accurately. 

The final energy of each molecule of gas. when the wave reaches a distance r can 

also be obtained from equation 6.4 and 6.5 

where P is the pressure of the ambient (ideal) gas, A is the relative molecular mass of 

the ambient gas and m, is the mass of a nucleon. 

The 'blast wave can be considered to have stopped when the energy per molecule 

in the wave becomes comparable to the internal enersy per molecule at room 

temperature. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



Chapter 7 

Conclusion And Suggestions For Further Work 

7.1 Conclusion 

In this thesis a basic facility to conduct laser-matter interaction experiments was 

set up. The first phase started with the development of the facility followed by 

improvements made to focussing characteristics of the beam by reducing spot size. This 

was done using a GRlN or GRadient Index LeNs. Using this lens a smaller spot size of 

4Opm was achieved compared to using an ordinary BK7 plano convexs lens. This 

correspo~lds to a irradiance of 1.4 X 10'' Wlcm' at the focal plane of the lens. Other basic 

diagnostics equipment were also constructed and interfaced with the existing setup so that 

experiments could be carried out to investigate some laser matter interaction processes. 

These included control electronics, a nitrogen laser, 3 channel CCD based image capture 

system, X-ray PIN diodes, schlieren, interferometry as well as shadowgraphy setup. 

Using these diagnostic equipment and varying parameters such as pressure, irradiance and 

material type some experiments were carried out to study the laser-matter interaction 

diagnostics. 

The schlieren and shadow photographs revealed that in the presence of a gas a 

shock wave is produced which absorbs most of the energy ffonl the laser. Displacement 

vs. time curves show that the shock wave travelled at speeds up 107 cmls during the 

initial period before exponentially decaying. A peak axial velocity of 2x107 cmls was 

recorded for PVC in air at 1 ton.. The strength of the shock wave is characterized by its 
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Mach number i.e. the ratio ofthe shock speed over the velocity of sound in the ambient 

air. As the pressure was reduced, it was found that the feature of the shock recorded by 

the schlieren system became less pronounced. This is because the schlieren system is 

strongly dependent on the first order density gradient across the shock. At lower 

pressures, this density gradient is small thus resulting in small deflections. This causes 

most of the light rays passing through the plasma to be blocked by the schlieren stop fiom 

reaching the CCD. At higher pressures, the density gradient is larger therefore causing 

larger deflections resulting in more light rays passing unobstructed over the schlieren stop 

onto the CCD. Logarithn~ic plots of displacement vs. time reveal that during the later 

stages the motion of the shock resembles that of a blast wave. However the early 

expansion, even after the laser pulse ended, was more rapid, r a P%r r t" :, suggesting 

that energy was still being delivered to the blast wave system from the heated plasma. 

Interferometry results show that the electron density behind the shock fiont during 

the initial period was 10'" This value dropped to 10'\m-' after 60 ns. At higher 

irradiances. the density behind the front was found to be higher during the initial period. 

However this value dropped to the same value as for lower irradiances after 60 ns. 

X-ray PIN diode results showed that lead gives the highest x-ray yield of 20 mJ. 

This agrees with the results from [l 21 that high Z targets have high x-ray yields. 

A computer aided schlieren simulation was c a ~ ~ i e d  out based on the work done 

by [158][150]. The results obtained were found to be consistent with experimental 

observations. 

Using Hyades, a l-D Lagrangian code for laser matter interaction experiments, 

most of the necessary parameters ofthe experiment could be predicted and were found 

to be in good agreement with experimental results. A simple model to coliipute the shock 
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trajectory was developed based on the snow-plow model [202]. The results obtained with 

this simple model were found to be in good agreement with the experiments. 

7.2 Suggestions for Further Work 

X-ray is still a topic of intensive research. This is due to the increasing need for 

x-ray sources in the areas of x-ray lithography, x-ray contact microscopy, x-ray 

fluorescence studies, surface science, scanning x-ray microscopy and many other areas. 

Work is currently heing carried out in our laboratory to install and optimize a 2 stage 

single pass Nd-Glass laser amplifier system. Once operational this system will be able 

to produce up 20 J with a pulse width of 6 ns FWHM. There is an option to add a third 

stage which will produce 6 J with a pulse width of ins FWHM. Focussed onto a target 

this system will give us sufficient energy to generate significant bursts of x-rays for 

studies of applications. A small low cost versatile CCD has also been modified to detect 

x-ray signals. This CCD has already been tested and can easily be coupled to a 

transmission grating system or a crystal spectrogaph to detect x-rays. Other diagnostics 

such as the analysis of interferogams using FFT's[213][214] should be pursued. At the 

time this thesis was written, this method was already being pursued here in our 

laboratory. The basic algorithlns written in C have been developed. However, due to 

time constraints this method has not been used for our experiments. The computer aided 

schlieren simulation can be improved upon by exploring new equations that would better 

suit the density profile of a laser produced plasma. This method provides a very 

powerful tool for the analysis of schlieren and shadow images. 

Optical probing teclu~iques are not able to show the central region of hot dense 

plasma observed here. X-ray diagnostics should be developed in order to observe this 
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reglon more clearly. 

Better time resolved experiments can be developed using the measurement of 

hamlonics. The harmonics are only produced during the laser pulse. A high resolution 

harn~onics spectrum can even give information about the plasma motion from the 

Doppler shift. It is possible to measure the phase of the system using interferometr~c 

techniques which will in tum give information regarding the time evolution of the 

harmonics. 
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