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Laser-Produced Plasmas 

Abstract 

This dissertation deals with the interaction of an intense laser with a 

plasma (a quasineutral collection of electrons and ions). During this 

interaction, the laser drives large-amplitude waves through a class of 

processes known as parametric instabilities. Several such instabilities drive 

one type of wave, the Langmuir wave, which involves oscillations of the 

electrons relative to the nearly-stationary ions. There are a number of 

mechanisms which limit the amplitude to which Langmuir waves grow. In 

this dissertation, these mechanisms are examined to identify qualitative 

features which might be observed in experiments and/or simulations. In 

addition, a number of experiments are proposed to specifically look for 

particular saturation mechanisms. 

In a plasma, a Langmuir wave can decay into an electromagnetic wave 

and an ion wave. This parametric instability is proposed as a source for 

electromagnetic emission near half of the incident laser frequency observed 

from laser-produced plasmas. This interpretation is shown to be consistent 

with existing experimental data and it is found that one of the previous 
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mechanisms used to explain such emission is not. The scattering version of 

the electromagnetic decay instability is shown to provide an enhanced noise 

source of electromagnetic waves near the frequency of the incident laser. 

In the experiments performed for this dissertation, a probe laser was 

scattered from the electrons present in the plasma to measure the spectrum of 

Langmuir waves driven in the plasma. This technique, known as Thomson 

scattering, was used to identify the mechanisms producing the Langmuir 

waves, as well as to identify mechanisms responsible for the saturation of 

these Langmuir waves. The Thomson-scattering measurements indicated 

that the Langmuir-wave spectrum resulted from stimulated Raman 

scattering, which is the decay of the laser into an electromagnetic wave and a 

Langmuir wave. In a related experiment, these measurements detected 

Langmuir waves which were driven by the Langmuir decay instability, which 

is the decay of a Langmuir wave into a second Langmuir wave and an ion 

acoustic wave. This measurement represents the first observation of the 

three-wave parametric instability known as the Langmuir decay instability in 

laser-produced plasmas. 
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Chapter 1 

Introduction 

1.1 Introduction 

This dissertation deals with the interaction of an intense laser with a plasma, 

which can loosely be called ionized matter. During this interaction, the laser 

can drive large amplitude waves in the plasma through a class of processes 

known as parametric instabilities. These are discussed in greater detail in 

section 1.3. This dissertation examines the mechanisms which limit the 

amplitude to which these waves can be driven by the incident laser. This 

work is primarily motivated by the saturation of Langmuir waves, which are 

also known as electron plasma waves. Consequently, the experimental work 

described below used a parametric instability known as stimulated Raman 

scattering to generate the Langmuir waves used to study these saturation 

mechanisms. Stimulated Raman scattering is the decay of an electromagnetic 

wave (the laser) into a scattered electromagnetic wave and an electron plasma 

wave or Langmuir wave. 
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Raman scattering occurs in a number of plasma applications which 

include inertial confinement fusion, particle acceleration, current-drive in 

Tokamaks, and X-ray-laser plasmas, to name a few. In some of these 

applications, such as particle acceleration and current-drive in Tokamaks, 

Raman scattering is beneficial and it is desirable to drive large amplitude 

Langmuir waves to increase efficiency. In other applications such as inertial 

confinement fusion and x-ray lasers, stimulated Raman scattering is 

detrimental and it is important to limit the amplitude that the Langmuir 

waves are driven. It is therefore important to understand the saturation 

mechanisms which limit the growth of these parametric instabilities as a first 

step in the eventual process of controlling the amplitude to which these 

processes grow. 

As stated above, in inertial confinement fusion and X-ray-laser 

plasmas, stimulated Raman scattering is a detrimental process. In inertial 

confinement fusion, lasers are used to compress deuterium and tritium 

targets to very high densities. Parametric instabilities which drive 

electromagnetic waves take energy away from the incident laser, thereby 

reducing the efficiency at which the energy is coupled into the target. In 

addition, parametric instabilities which drive Langmuir waves can lead to the 

generation of distributions of electrons with very high temperatures. These 

hot electrons can preheat the fuel in inertially confined plasmas which 

increases the energy required to compress the fuel to the necessary densities. 

In the case of x-ray laser schemes, stimulated Compton scattering can cause a 

heating of the background electron distribution resulting in a loss of 

efficiency[l]. Understanding the saturation mechanisms which limit the 
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amplitude of the waves driven in these instabilities may lead to more 

efficient ways to control the growth of these instabilities. 

As mentioned in the first paragraph, there are also several applications 

in which Raman scattering is beneficial. The Langmuir wave driven in 

Raman scattering can be used for particle acceleration[2-4]. In this case, a 

Langmuir wave with a phase velocity close to the speed of light is used to 

accelerate electrons to very high energy. The electrons traveling slightly 

slower than the wave see a nearly constant potential in the wave frame 

which allows them to be efficiently accelerated. Raman scattering can also be 

used for current drive in Tokamaks[5-8]. In this case Raman scattering is used 

to drive a Langmuir wave with a phase velocity several times the thermal 

velocity of electrons in a plasma. In this application near thermal electrons in 

the plasma are accelerated by the Langmuir wave in a preferential direction, 

generating a net current around the Tokamak. All of these applications are 

limited by the amplitude to which the Langmuir wave can be driven and an 

understanding of these applications requires detailed knowledge of the 

saturation mechanisms responsible for limiting the amplitude of these 

waves. 

Secondary parametric instabilities can also be beneficial in many 

circumstances. In laser-produced plasmas, an instability can saturate when 

one of its daughter waves becomes large enough that it can become the pump 

wave for a secondary parametric instability[9-13]. Therefore, although the 

original parametric instability is detrimental, the secondary parametric 

instability is beneficial because it limits the amplitude that the original 
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parametric instability can grow. This process is discussed in further detail in 

section 2.5 of chapter 2. 

The second section of this chapter reviews some of the basic principles 

of plasmas. This section also discusses the normal modes present in the 

plasma which make up the waves driven by parametric instabilities. The 

third section of chapter 1 introduces parametric instabilities and reviews the 

physical mechanism responsible for the growth of parametric instabilities. 

This section also gives a brief description of the parametric instabilities 

discussed in the rest of the dissertation along with the location where these 

instabilities occur. Finally, the fourth section of chapter 1 gives a brief outline 

of the subsequent chapters contained in this dissertation. 

1.2 Plasma Basics 

A plasma can be defined as an ionized gas consisting of electrons and 

ions in which the kinetic energy of its constituent particles is much greater 

than their potential energy[14,15]. Using the above definition for a plasma, it 

has been estimated that more than 99 % of the universe is in the plasma state. 

Applications involving plasmas include the generation of fusion energy, 

thin-film deposition, manufacturing of microelectronics, particle accelerators, 

isotope separation, gas lasers, fluorescent bulbs, and gas treatment to name a 

few. 

An important property of a plasma is Debye shielding. As a test charge 

is placed in a plasma the particles arrange themselves to screen out the 

potential formed by the test charge. The potential of a test particle at rest is 
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given by 4> = -±exp ---— [14,15]. The Debye length, Xi>e=vth/<Ope/ is then the 
r V ADeJ 

distance over which the potential from the test charge has decreased by one 

exponentiation where v ^ = ( K T e / m e ) ' is the thermal velocity of the 
/ <y \0.5 

electrons and cope is the plasma frequency defined as co =(4^q n ^ / m e J . 

The definition given for a plasma above can then be understood in terms of 

the number of particles located in a sphere of radius equal to the Debye 

length. The potential energy, q<5, being much less than the kinetic energy is 
q 2 1 ? easily expressed as q4> = — « — mv| , . where the inter-particle spacing, r, is 

approximately equal to the cube root of the electron density, r = n ^ ' . The 

above conditions imply that 1 « — n—|Lnoe = A where A is the number of 

particles within a sphere of radius the Debye length, A,De[14,15]. The definition 

of a plasma given above then simply requires that the number of particles 

within the shielding cloud must be very large. This definition excludes 

strongly-coupled plasmas in which the number of particles within the Debye 

sphere is very small such as occurs in the overdense partially ionized region 

of solid target laser-plasma experiments and also in the relatively cold 

plasmas formed by short-pulse high-intensity lasers. A more inclusive 

definition of a plasma might simply be ionized matter. 

Another important property of plasmas used throughout this 

dissertation is the plasma frequency, cope/ defined above. The plasma 

frequency is the resonant frequency which the electrons in the plasma 

respond. If the ions in the plasma were displaced slightly from the electrons, 

the two slabs representing the electrons and ions, would oscillate like a 
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harmonic oscillator. This oscillation frequency, ©, would approximately be at 
7 1 1 I 1 \0.5 

the plasma frequency, o =6)^ + 0)^, where a j =(4?rq n 0 i / m i | and 

*>pi« V 

In a homogeneous plasma with no externally imposed electromagnetic 

or magnetic fields, there are only three normal modes present; 

electromagnetic waves, electrostatic ion waves, and Langmuir waves, also 

known as electron plasma waves. These modes satisfy the following 

dispersion relations in a field free plasma: 

2 _ 2 , 2 t 2 
^ o ~ <i>pe + c o for electromagnetic waves, (1-2.1) 

^epw = ^pe + ^ v th^epw for Langmuir waves, and (1.2.2) 

^ia ~ ̂ ia * Sf = c s k i a for ion acoustic waves, (1.2.3) 

which are the more-common, long-wavelength regime of electrostatic ion 

waves. Here coo(ko), (Oepw(kepw)/ ©ia(kia) are the frequency(wavenumber) of 

the electromagnetic wave, the Langmuir wave, and the ion acoustic wave, 

respectively, and c is the speed of light, vth is the electron thermal velocity, cs 

is the ion sound speed, and uf is the flow velocity of the plasma. Both the 

Langmuir waves and the ion acoustic waves are electrostatic waves with their 

electric fields parallel to their wavevectors while the electromagnetic waves 

are transverse waves with their electric field perpendicular to their 

wavevector. The Langmuir waves and the electromagnetic waves are high 

frequency waves whose frequency must be greater than the plasma frequency. 
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This is simply due to the fact that the electrons in the plasma react on time 

scales dictated by the plasma frequency. When a Langmuir wave or 

electromagnetic wave has a frequency less than the plasma frequency, the 

electrons in the plasma react faster than the wave can push them around 

which results in a net damping of the Langmuir or electromagnetic wave. 

The point at which the plasma frequency is equal to the frequency of the 

electromagnetic wave, therefore defines the classical turning point for a 

normally incident electromagnetic wave. The density corresponding to this 

turning point is known as the critical density, net, and is defined as 

n c r =lmett)o )(4;rq J . The ion acoustic wave on the other hand has a 

frequency which is much less than the plasma frequency. The ion acoustic 

wave obeys the same dispersion relation as an acoustic wave in air, provided 

kia^-De « !• The motion of acoustic waves in air result from the gradient in 

pressure between regions of compression and rarefaction. The motion of ion 

acoustic waves in plasmas result from both the gradient in ion pressure 

between the regions of rarefaction and compression and from a build up of 

charge in these regions due to the pressure of the electrons present in the 

plasma. 

1.3 Parametric Instabilities 

This dissertation deals primarily with parametric instabilities driven 

when a high-intensity laser interacts with a plasma. In this context, the laser 

intensity, I, is high when I>1()13 w / c m 2 . A parametric instability occurs when 

there exists a wave in the plasma which has sufficient amplitude that it can in 
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turn drive other waves in the plasma unstable. In this case, the wave driving 

the instability is known as the pump wave while the waves being driven are 

referred to as the daughter waves. Parametric instabilities present in laser-

produced plasmas are often driven by the electromagnetic wave associated 

with the high-intensity laser incident on the plasma. 

One example of a parametric instability driven in laser-produced 

plasmas is stimulated Raman scattering. This represents the decay of an 

electromagnetic wave into a scattered electromagnetic wave and an electron 

plasma wave[16,17]. This instability is analogous to stimulated Raman 

scattering driven in nonlinear optical media where the incident 

electromagnetic wave scatters from quantized electronic, vibrational, 

molecular, or optical lattice phonon modes [18]. The mechanism of instability 

in the case of stimulated Raman scattering in laser-produced plasmas is 

illustrated in figure 1.3.1[19]. The oscillation velocity of the electrons, u o s , in 

the plasma associated with the incident electromagnetic wave couples with a 

density fluctuation, 5 n e p w , present in the plasma. This coupling produces a 

transverse scattered current, j s=q8n epwUos/ which acts as a source term to 

drive a scattered electromagnetic wave, of electric field E s . The scattered 

electromagnetic wave beats with the incident electromagnetic wave resulting 

in a "ponderomotive force", pushing plasma out of regions of high field 

pressure, which in turn enhances the original density fluctuation. This 

process forms a closed loop leading to instability. 

The term, "ponderomotive force" deserves a bit more explanation: The 

plasma tries to maintain a pressure balance between the particle pressure and 

the wave pressure. Therefore, regions of high wave-pressure push the plasma 
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particles out so as to maintain a pressure balance. The corresponding "force", 

which is proportional to the gradient in the time-averaged pressure associated 

with high-frequency waves, is known as the ponderomotive force. This force 

may be produced by either electromagnetic or Langmuir waves, and may 

involve the pressure of a given wave or the low-frequency pressure 

associated with the beating of two waves. This ponderomotive force is 

responsible for pushing the plasma from regions of high field. 

vKEo-Es) 

epw 

° n epw u os 

Figure 1.3.1 Physical description of parametric instabilities illustrating how 

the wave interactions lead to instability. 

Parametric instabilities obey the frequency and wavenumber matching 

conditions, 

co0 = o)s + fi)epw and 

k 0 — k s + k g ^ , 

(1.3.1) 

(1.3.2) 
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where a> 0,k 0;fi) s,k s;and(» e p w,k e p ware the frequency and wavenumber of the 

incident electromagnetic wave, the scattered electromagnetic wave, and the 

electron plasma wave respectively. These are the conditions required for a 

resonant interaction which, in the case of stimulated Raman scattering, 

allows the ponderomotive force associated with the beating of the two 

electromagnetic waves to remain in phase with the Langmuir wave density 

fluctuation such that the waves can interact over a long distance. 

The parametric instabilities in which the pump wave is represented by 

the incident laser are shown in figure 1.3.2. The mcident laser travels up to 

the reflection point at the critical density, n c r . The parametric instabilities 

detailed in figure 1.3.2 take place at and below the critical surface in the 

plasma corona. 

The oscillating two stream instability, which involves the decay of the 

incident electromagnetic wave into an electron plasma wave and a zero-

frequency ion wave, occurs primarily near the critical surface. From the 

critical surface to approximately eighty percent of the critical surface, the 

incident laser can drive the ion acoustic decay instability. This instability 

involves the decay of the incident laser into an electron plasma wave and an 

ion acoustic wave. The low density cutoff for the ion acoustic decay instability 

occurs when the damping on the Langmuir wave becomes large enough that 

the instability goes below threshold for instability as discussed in section 2.2. 

From the quarter critical surface to approximately twenty percent of the 

critical surface, the incident laser drives two plasmon decay which is the decay 

of the electromagnetic wave into two Langmuir waves. Again the low density 
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cutoff of this instability occurs when the damping on the two Langmuir 

waves becomes greater than the growth rate for the instability. Below the 

quarter critical surface, the incident laser drives stimulated Raman scattering 

which, as mentioned above, is the decay of the incident laser into an 

electromagnetic wave and a Langmuir wave(at the lowest densities 

stimulated Raman scattering evolves into stimulated Compton 

Figure 1.3.2 Graph showing the coronal region of a laser produced plasma. 

The vertical axis shows the density normalized to the critical density, the 

reflection point of normally incident light, while the horizontal axis shows 

the spatial region in front of the target. The parametric instabilities are then 

labeled showing the density region where each may occur. 
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scattering)[20]. All throughout the plasma corona, the laser can drive 

stimulated Brillouin scattering and filamentation. Stimulated Brillouin 

scattering is the decay of the incident laser into an ion wave and a scattered 

electromagnetic wave and filamentation is the forward scattering version of 

stimulated Brillouin scattering. 

As discussed above, stimulated Raman scattering is a parametric 

instability in which an incident electromagnetic wave drives a scattered 

electromagnetic wave and a Langmuir wave, also known as an electron 

plasma wave. The actual derivation of the equations describing stimulated 

Raman scattering is located in Appendix 2.1. In this Appendix, the equations 

describing stimulated Raman scattering are Fourier transformed, leading to 

the dispersion relation for stimulated Raman scattering. 

Neglecting higher order harmonics, the dispersion relation describing 

stimulated Raman scattering is given by 

^ ^ - l - 3 k 2 A L = ^ 
2„2 

os 
(Ope 4©£e 

1 , (1-3.3) 
D(fi>-f i ) 0 ,k-k 0 ) 

D^» + G)0,k + k 0 ) 

where Duo,kj = co(a) + ivs)/coile - 1 -c 2 k 2 /o )^e . Figure 1.3.3 a and b are contour 

plots in which the dashed lines in the contour plot show the locations where 

the real part of the above dispersion relation is equal to zero and the solid 

lines show the locations where the imaginary part of the above dispersion 

relation is equal to zero. In figure 1.3.3 a, the damping is assumed to be zero 



CHAPTER 1. INTRODUCTION 13 

and the remaining parameters are chosen such that the downscattered wave 
is a resonant mode, Re D(tt)-<3>0,k-k0J =0. The intersection points between 

the real zero contours, dashed lines, and the imaginary zero contours, solid 

lines, represent some of the roots of the above sixth order dispersion relation. 

Figure 1.3.3 a shows that there exists one root which is unstable characterized 

by a positive imaginary component of the frequency. 
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Figure 1.3.3 Contour plots of the dispersion relation for stimulated Raman 

scattering. Both the vertical and horizontal axes represent frequency 

normalized to the plasma frequency. 

Although the dispersion relation shown in equation 1.3.1 contains 

upscattered terms in addition to downscattered terms, parametric instabilities 

are only unstable to the downscattering processes. This can be seen by looking 

at the zero contours shown in figure 1.3.3 b. In figure 1.3.3 b the parameters of 

equation 1 are chosen so that the upscattered component is a resonant mode, 
Re Du»+<0 o ,k+k o j =0. The dispersion relation in this case is stable as 
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characterized by the lack of a root containing a positive imaginary 

component. 

1.4 Layout of the dissertation 

The second chapter reviews a number of saturation mechanisms and 

attempts to give simple models to explain how these processes lead to 

saturation. After the introduction of some of these mechanisms, a section 

describing relevant experimental evidence for these saturation processes is 

given. This chapter also tries to address when each of these saturation 

mechanisms might become important. This chapter also proposes a number 

of experiments to look for the effects of particular parametric instabilities. 

The third chapter considers the role which the electromagnetic decay 

instability(EDI) plays in laser-produced plasmas. This instability represents the 

decay of an electron plasma wave into an electromagnetic wave and an ion 

acoustic wave. The electromagnetic decay instability provides another 

channel, in addition to Langmuir decay through which parametric 

instabilities involving Langmuir waves can saturate. As a specific example, 

the conditions for which EDI is an absolute instability are found for the case 

where this instability is pumped by the Langmuir wave associated with 

stimulated Raman scattering. When EDI is pumped by the Langmuir waves 

associated with two plasmon decay, EDI presents an explanation for (Do/2 

emission from laser-produced plasmas which is consistent with experimental 

observations. In addition, the scattering of Langmuir waves off of ion acoustic 

waves near the critical surface is shown to provide an enhanced noise source 



CHAPTER 1. INTRODUCTION 15 

from which stimulated Brillouin scattering can grow. In addition, this 

enhanced noise source can then appear as an apparent Brillouin signal. 

The theory of Thomson scattering is reviewed in Chapter 4. Thomson 

scattering was the primary diagnostic used in the experiments performed for 

this dissertation which are described in chapters 5 and 6. Chapter 4 discusses 

the plasma parameters which can, in principle, be obtained through the use of 

this diagnostic. Section 4.2 discusses the homogeneous theory of Thomson 

scattering and presents calculated spectra which are used to infer various 

properties in the plasma. Section 4.3 looks at the inhomogeneous theory of 

Thomson scattering and proposes a diagnostic to measure the local flow 

gradient in a plasma. 

The first experiment is then detailed in the fifth chapter. In this 

experiment Thomson scattering was used to look directly at the Langmuir 

wave spectrum associated with stimulated Raman scattering. These 

measurements provided a direct comparison between stimulated Raman 

scattering and a model known as "enhanced Thomson scattering" [21] as 

explanations for the electromagnetic emission between co0 and 0>o/2 observed 

in laser-produced plasmas. The Thomson scattering measurements showed 

that the Langmuir wave spectrum resulted from stimulated Raman scattering 

and not from enhanced Thomson scattering. 

The sixth chapter describes an experiment which was designed to look 

for the Langmuir decay instability. This experiment also used Thomson 

scattering to measure the Langmuir wave spectrum driven by stimulated 

Raman scattering. This experiment detected Langmuir waves with 

components both parallel and antiparallel to the incident laser's wavevector. 
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Langmuir waves traveling parallel to the incident laser wavevector were 

attributed to stimulated Raman scattering, however, the Langmuir waves 

moving antiparallel to the incident laser, which cannot be explained by 

stimulated Raman scattering, were attributed to the Langmuir decay 

instability. 

Finally chapter 7 presents a summary the work presented in chapters 2 

through 6. Chapter 7 attempts to organize the material presented in the 

previous chapters. The Appendices contain the calculations discussed in the 

relevant chapters. 
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Chapter 2 

Saturation Mechanisms 

2.1 Introduction 

In this chapter, a number of saturation mechanisms are introduced and when 

appropriate simple models are given to explain how these mechanisms lead 

to saturation. In some cases a section describing relevant experimental 

evidence for these saturation processes is given. The text of this chapter will 

be concerned with using simple models to describe these saturation 

mechanisms with more accurate calculations being placed in the Appendices. 

This dissertation, and consequently this chapter, is primarily concerned with 

those saturation mechanisms which act specifically on Langmuir waves. 

2.2 Saturation from damping effects 

This section reviews the effects of damping on parametric instabilities. 

As discussed in chapter 1, stimulated Raman scattering is a parametric 

instability in which an incident electromagnetic wave drives a scattered 
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electromagnetic wave and a Langmuir wave, also known as an electron 

plasma wave. The actual derivation of the equations describing stimulated 

Raman scattering is located in Appendix 2.1. It is necessary to look at the 

dispersion relation for the waves participating in stimulated Raman 

scattering to see the effect of damping on the instability. The dispersion 

relation for stimulated Raman scattering can be found by Fourier 

transforming the equations for this parametric process which are derived in 

Appendix 2.1, equations 2.1.6 and 2.1.10. 

The dispersion relation for stimulated Raman scattering is given by 

^ + , i 2 V e ) - l - 3 k 2 A L = ^ 
2„2 

os 
©pe ** 4 ^ e ^ D ( < » - © 0 / k - k 0 ) 

1 (2.2.1) 
——=^r + 

D(a} + a>0,k + k0) 

where D(#,k^ = | © ( f i ) + i 2 v s ) - © p e - c \ 2 W j . Figure 2.2.1a is a contour plot 

showing the zero contours of the real and imaginary parts of the dispersion 

relation. In this case the damping is assumed to be zero, and the remaining 

parameters are chosen such that the downscattered wave is a resonant mode, 
Re D ( o - t f ) 0 , k - k 0 J =0. The intersection points between the real zero 

contours(dashed lines) and the imaginary zero coni:ours(solid lines) represent 

some of the roots of the above sixth order dispersion relation. The plot shows 

that there exists one root which is unstable characterized by a positive 

imaginary component of the frequency. Figure 2.2.1b shows the identical case 

as figure 2.2.1a except that the product of the damping on the two daughter 
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waves is now approximately equal to the square of the growth rate, Yo2=VsVe-

In this case the parametric instability is stable, characterized by a negative 

imaginary component of the frequency. 
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Figure 2.2.1 Homogeneous damping stabilization of convective parametric 

instabilities. 

There have been several examples of damping stabilization of 

stimulated Raman scattering in laser-produced plasmas[22-24]. In these cases 

the combination of high Z and high density combine to increase the 

collisional damping on both daughter waves. In addition, several of the 

saturation processes discussed below can lead to saturation of parametric 

instabilities due to the nonlinear damping caused by the particular saturation 

mechanism. These processes are discussed for example in section 2.5, 2.8, and 

2.10 below. 

2.3 Saturation due to plasma Inhomogeneities 



CHAPTER 2. SATURATION MECHANISMS 20 

This section deals with saturation of parametric instabilities due to 

plasma inhomogeneities. Parametric instabilities can be convective or 

absolute in nature. Convective instabilities result in a finite gain at any spatial 

location in the plasma. Absolute instabilities on trie other hand continue to 

grow at a given spatial location until the daughter wave amplitudes become 

large enough to saturate by some mechanism other than the initial density 

inhomogeneity itself, although growth of the instability might cause changes 

to the background density leading to saturation. A graphical representation of 

the above definitions is shown in figure 2.3.1. In this example the daughter 

waves have opposing but equal group velocities. Figure 2.3.1 was generated 

using the numerical code shown in Appendix 2.4. A delta function noise 

source was used in this example as assumed by Nicholson and 

Rosenbluth[7,25]. There are several conditions which must be satisfied for 

parametric instabilities to be driven absolute. The group velocity of the 

daughter waves, along the direction of plasma inhomogeneity, must be 

opposed. If the group velocity, along the plasma inhomogeneity , of the two 

daughter waves is in the same direction, then the instability will be 

convective since eventually both waves will pass any given spatial location 

producing only a finite gain[26]. Likewise, Rosenbluth showed that a linear 

phase mismatch between the three interacting waves produced a convective 

instability, except in the case of two plasmon decay, even when the group 

velocity of the two daughter waves travel in the opposite direction, this is the 

case in figure 2.3.1a[27]. Exceptions to this occur when the interaction beam is 

localized over a short distance or when one of the daughter waves travels 

perpendicular to the plasma inhomogeneity, in which case absolute 
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instability is possible [28]. Plasma inhomogeneities include density, plasma 

flow, and temperature gradients. Density gradients effect electron plasma 

waves while plasma flow and temperature gradients primarily effect ion 

acoustic waves. In laser plasma interactions, plasma flow typically results in a 

linear phase mismatch between the waves participating in parametric 

instabilities. 

.fci 
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' M ' • ' ' " " 

10 0 10 20 
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Figure 2.3.1 Convective vs. absolute parametric instabilities in laser-produced 

plasmas. The convective instability(a) arises from a linear phase mismatch 

between the interacting waves. In this example the two waves have opposing 

but equal velocity causing a symmetrical spreading about the perfect phase 

matching point. The absolute instability(b) arises from a parabolic phase 

mismatch between the interacting waves. In this case, the two daughter 

waves again have opposing but equal group velocities. In b, however, the 

quadratic phase mismatch cannot saturate the daughter wave amplitudes and 

the instability continues to grow. 

The derivation of the equations describing stimulated Raman 

scattering are shown in Appendix 2.1 and follow closely from the derivation 
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shown in Kruer 1988 [16]. These equations represent the growth of the 

daughter Langmuir wave and electromagnetic wave participating in 

stimulated Raman scattering. Rosenbluth showed in 1972 that plasma 

inhomogeneities can cause these instabilities to have finite gain[27]. The 

formal derivation of this gain for linear and quadratic phase mismatches is 

shown in Appendix 2.2. 

The parameter dependence obtained by Rosenbluth can be obtained by 

a qualitative analysis at the homogeneous equations describing the excitation 

of parametric instabilities in plasmas along with the dispersion relations for 

the waves in inhomogeneous plasmas. The steady-state homogeneous 

coupled equations for stimulated Raman scattering without damping, 

V g e p w ^ = 7 ^ ; a n d (2.3.1) 

d ^ 
dx Vgs^T-^^epw, (23.2) 

are easily solved upon inspection to yield the wave's homogeneous spatial 
* r / \-o.5~] , — 

growth rate, ¥ s aexp 7ox(VgepwvgsJ / where y 0=V727i is the 

homogeneous growth rate. The saturation level for convective instabilities 

can be obtained by treating the instability like a driven harmonic oscillator. A 

harmonic oscillator is only driven efficiently for frequencies which fall 

within a narrow resonance width. The wavenumber resonance width for 

parametric instabilities can be found by Fourier transforming the 

homogeneous equations, 2.3.1 and 2.3.2, and looking for the full-width at 
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half-maximum(FWHM) in wavenumber space. This is detailed in Appendix 

2.3 including damping on both daughter waves. Using this prescription, the 

wavenumber resonance width, neglecting damping, for parametric 

instabilities is Ak °= 70(VgepwVgS) . Therefore, the instability is only driven 

efficiently as long as the wavenumber mismatch between the waves remains 

within this resonance width. 

The length over which the instability can grow is determined by 

plasma inhomogeneities which dictate how fast the waves become detuned. 

The wavenumber mismatch, 

Ak(x) = [k 0(x) - k s(x) - k e(x)] = ( 2 3 3 ) 

Ak(x0) + ( x - x 0 ) ^ | x + 0 . 5 ( x - x o ) V | x , 
o o 

can be Taylor expanded about the perfect phase matching point, xo, to show 

how the phase changes with distance [27]. The interaction length, x-xG, is 

found by equating the wavenumber resonance width to the Taylor expanded 
/ \—0.5 2 

wavenumber mismatch, 7o( vgepw vgs) o c ( x - x o ) , c / | x +0.5(x-x o ) K"\X . 

The i n t e r a c t i o n l e n g t h , x - x G / is then given as 
f rz ; ^ m 

x i n t = x ~ x o = •K, + ̂ K/2+pY0K"iygepwVgsf0'5 K"~X. The o v e r a l l 

convective gain for stimulated Raman forward scatter along a parabolic 

profile is found by inserting the above interaction length into the 

homogeneous spatial growth rate found above producing 
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T'ocexp 
/V V~~K" 

•y r gepw v g s •*• 

(2.3.4) 

where Pi and P2 are constants chosen to match the Rosenbluth results shown 

in Appendix 2.2. When the perfect phase matching point is far from the top of 

the parabola , K ' > > K " and the energy gain reduces to 

^PgOexp 0 . 5 ^ 2 7 o

2 ( r V g e p w V g s ) 1 which has the correct parameter 

dependence for a convective instability containing a linear phase mismatch 

with PIP2=4JC giving the correct energy gain[27]. When the perfect phase 

mismatch point is at x=0, K ' = 0 and the energy gain reduces to 

^sttexphS^^y^^VgepwVgs) ' K"~°3 which has the correct parameter 

dependence for a convective instability containing a quadratic mismatch with 

Pjpjj5 = 6.992 yielding the correct energy gain[29]. Taking these two limits sets 

the value of Pi to 3.89 and P2 to 3.23. This prescription then allows for the 

calculation of the gain all along the parabolic profile smoothly going between 

the top of the parabola, where the phase mismatch is quadratic, and the sides, 

where the phase mismatch is linear. The wavenumber resonance width 

including damping can also be used to look at the effects of damping on the 

gain of convective instabilities which is shown in Appendix 2.3. 

Equations 2.1 and 2.2 in Appendix 2.2 were solved numerically to 

observe the temporal evolution of the waves. The normalization of these 

equations along with the FORTRAN program written to solve these coupled 

partial differential equations is shown in Appendix 2.4. Figure 2.3.2 shows the 

results from four of the simulations performed with this program. In figure 
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2.3.2, the initial amplitude and phase of the electron plasma waves were 

taken to be constant over a distance larger than the interaction length of the 

instability. The initial amplitude of the slowest wave(solid black line) in all 

four cases was chosen to be equal to 1.0. In figure 2.3.2 a, the parameter 

y%(x^VgepwVgs) was set to 1.5 and the ratio of velocities, V g epWVg^, was set 

to Vg e p w Vgs =1.0. In figure 2.3.2 b, the parameter yj(>f'VgepWVgSJ was set to 
1 l 

1.0 and the ratio of velocities, Vg epWVg S, was set to Vg e p wVg^=1.0. In figure 
2.3.2 c, the parameter y^K'VgepwVgs) was set to 1.0 and the ratio of 

velocities, V g e p W Vgs, was set to Vg e p w V g s=0.5. In figure 2.3.2 d, the parameter 

Tofx^VgepwVgs) was set to 1.0 and the ratio of velocities, V g e p W Vgs, was set 

to VgepWVgl =0.25. 

The amplitude of the slow wave is simply given by noise level 

multiplied by the gain factor or ^ e p w ( s a t ) = ^ e p w (0 )expf «ry?(»cVgepWVgS) J. 

The amplitude of the fast wave is determined by first finding the scattering 

amplitude produced by the interaction beam scattering from a fixed 

amplitude slow wave above assuming that the slow wave does not change 

amplitude. The next step is to multiply this value by the convective gain 

which in the limit of small gain should reduce to the scattering amplitude 

found in the first step. The scattering amplitude can be found in a similar 

manner as the instability gain already covered. In the case of the scattering 

process, the resonance width is changed. The resonance width for the 

scattering problem is found by examining the equation 

d*: „. _ _ / x ^ ( 2 3 5 ) 
V g s ^ f = ^ e p w ( 0 ) n 2 x i n t y 
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Figure 2.3.2 Numerical solution of the Rosenbluth equations for a linear 

phase mismatch between the interacting waves. This figure represents four 

graphs of the numerical solution to the equations 2.2.1 and 2.2.2 shown in 

Appendix 2.2. In each graph, the vertical axis represents the amplitude that 

the waves are driven and the horizontal axis represents position. The solid 

black line in all cases represents a slow wave traveling to the left, while the 

solid gray line represents a fast wave traveling to the right. 

where nlO.SxXjjfJ is unity between - xint and xint and zero elsewhere, xint 

represents the length over which the process is driven before saturation. The 
homogeneous solution to equation 2.3.5 is simply Y s

 = VP w (0)y o xV~. The 

resonance width is found by Fourier transforming equation 2.3.5 and looking 
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for the FWHM in the same manner as described above. The Fourier 

transform of equation 2.3.5 is 

w . n . i27o*epw(°)4t s m ^ i n t (2.3.6) 

gS h-t 

It is apparent from equation 2.3.6 that the FWHM is proportional to the 

inverse of the interaction length or Ak « xj£t. The interaction length is found 

by equating the resonance width, Ak <*= xj£ t / with the change in wavenumber, 

Ak = K' X^J., found above. This yields an interaction length proportional to 

int 

length into the homogeneous solution above, or 

x._ t oc K' y . The scattering amplitude is found by inserting the interaction 

*s = V2i*P (0)yoK'-°-5 VjJ, (2.3.7) 

where (27i)0-5 is the correct numerical coefficient. The amplitude of the fast 

wave, as determined above, is given by *FS = r?, lexp 2*y?(*V g e p w V g s ) 1 - 1 

where T| is chosen such that when the term in the exponent is small the 

amplitude reduces to equation 2.3.7 above. The amplitude of the fast wave is 

then given by 

Y s v gepw v gs -U e xP 2 ^ ( > C / V g e p w V g s ) - 1 . (2-3.8) 
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Equation 2.3.8 agrees very well with the numerical results shown in figure 

2.3.2 above. 

There have been many experiments to verify the convective growth of 

parametric instabilities[30,31]. One of these experiments[30] involved looking 

at the growth of forward Raman scatter at low enough densities such that 

backward Raman scattering could not occur, thereby preventing coupling 

between these instabilities which could lead to absolute instability[32,33]. The 

results of this experiment are shown in figure 2.3.3 below. This figure shows 

the gain has the exponential dependence on the pump intensity expected 

Hot-Spot Model 

- Convective Theory 

Background Signal Level 
J 1 1 i 

"0 10 20 30 40 50 

Intensity (101 4W/cm2) 

Figure 2.3.3 Measured amplification of the scattered electromagnetic wave 

associated with stimulated Raman forward scattering as a function of pump 

intensity. This graph has been reprinted from Batha et al.[34]. 
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from convective saturation only for intensities less than approximately 7xl0 1 4 

W / c m 2 . Above pump intensities of 7x l0 1 4 W/cm 2 , the Raman process is 

being saturated by some other mechanism. 

The overall convective gain experienced by the daughter waves 

participating in stimulated Raman backscattering would predict an increase in 

gain with a decrease in the parameter kepw^De which is in contrast to 

experimental observations such as the one shown in figure 2.10.3. The only 

way to salvage the convective saturation is to assume that the noise level 

from which these instabilities grow decreases sufficiently with kepw^De to 

explain the experimental spectrum which was not found to be the case[35]. 

This suggests that stimulated Raman backscattering is not being saturated due 

to the detuning as the waves travel along the plasma inhomogeneity. 

2.4 Pump depletion 

Pump depletion can occur when the daughter waves associated with a 

parametric instability grow to a sufficient amplitude that a significant fraction 

of the energy contained in the pump wave is transferred to the daughter 

waves. In this way, the amplitude of the daughter waves can saturate because 

of the corresponding reduction in the growth rate which is proportional to 

the pump intensity of the interaction beam. To account for pump depletion, 

the equation describing the pump beam must be included along with the 

equations describing each of the daughter waves. The pump beam equation 

then contains a term which provides a sizable damping to the pump beam 
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when the daughter waves become large enough to remove a significant 

fraction of the pump beam's energy. 

In many small scale experiments, the level of stimulated Raman 

scattering driven in the plasma is quite small, typically representing less than 

10' 3 to 10' 5 of the incident lasers energy, however, the energy contained in 

stimulated Brillouin scattering can be on the order of 10 _ 1. The effect of pump 

depletion in an inhomogeneous plasma has been looked at previously[36]. 

The following calculation will look at the effectiveness of stimulated 

Brillouin scattering in depleting the pump in a homogeneous plasma. The 

equations describing stimulated Brillouin scattering can be reduced to first 

order partial differential equations by making the slowly varying envelope 

approximation as shown in appendix 2.2. In addition by looking for a steady-

state solution, the three equations describing stimulated Brillouin scattering 

are then reduced to three ordinary differential equations plus their complex 

conjugates. These equations can be combined to yield the Manley-Rowe 

relations 

d[y s (x) | 2 _ o>0 d\V0(xf co, M{ <»le d^jxf ( 2 A 1 ) 

8 s

 d x S°fi)s dx ~ V # afe Zme k?c 2 <*x * 

The Manley-Rowe relations can then be integrated to provide the 

relationship between the pump wave, *P 0(X)/ a n c * the ion wave, ^i(x), in 

terms of the scattered wave, ^ ( x ) . The pump wave can expressed as 

pF0(x)| =<pQ —2-|*Fs(x)| , and the ion wave can be expressed as 
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Nxf = ,2 G> sVgSZm ekjC . 2 
— 5—Fs( x ) • The initial six ordinary differential 
©iVgiMj^g 

equations can be combined with the above two relations to form a second 

order differential equation representing the growth of the scattered light wave 

d2l^s(xf _ 
dx' 

6y$cosV, gs 
0oVgSVgitf>oVg o 

* s ( x f +|^s(x)f 47? 
V _ V • 

(2.4.2) 

Provided j1? s(x)| « %, equation 2.4.2 shows the correct gain for the scattered 

light of jxFs(x)j o= exp 2y0x(VgjVgS) ' . Saturation occurs when the scattered 

light wave has reached the value ^ ( x ) ! =(2o oVgO/3G) sVgS]0o. F ° r 

backscattered stimulated Brillouin scattering, pump depletion saturates the 

parametric process when the scattered light wave has reached 67 percent of 

the incident wave. 

As stated above, many small-scale experiments measure reflectivities 

of stimulated Brillouin scattering on the order of 10 percent. These absolute 

measurements are spatially and temporally integrated over the entire plasma. 

Therefore, the spatial and temporal region over which stimulated Brillouin 

scattering is being driven could be saturated by pump depletion and would 

therefore affect the other parametric instabilities as well. Also recent short-

pulse Raman experiments have measured tens of percents of Raman 

reflectivities which might be in the range where pump depletion is 

operating[37]. In many short-pulse high-intensity experiments the laser is less 

than a picosecond in duration and consequently the daughter waves can grow 

to saturation levels faster than many of the saturation mechanisms 



CHAPTER 2. SATURATION MECHANISMS 32 

involving ion waves described below can occur. In these cases pump 

depletion and particle trapping, discussed below in section 2.10, can become 

important saturation mechanisms. 

2.5 Secondary decay processes 

The experiments performed for this dissertation primarily cover 

saturation of parametric instabilities due to secondary decay processes. 

Secondary decay processes occur when the decay waves associated with a 

parametric instability become large enough that they can in turn become the 

pump wave for a secondary decay process. As the daughter waves driven by 

the secondary instability grow, the primary instability may saturate if enough 

energy is removed to pump the secondary instability. The secondary 

instability, therefore, introduces an effective "nonlinear" damping into the 

primary instability[9]. In addition, parametric instabilities may saturate due to 

the frequency shift resulting from the coupling to secondary instabilities and 

also due to the self consistent detuning caused by changes to the background 

density[17,38]. 

The most widely studied of the secondary decay processes is the 

Langmuir decay instability[9,12,13,39]. The Langmuir decay instability 

involves the decay of a "pump" Langmuir wave into a second Langmuir 

wave and an ion acoustic wave. The experiments performed for this 

dissertation have implications primarily for this saturation mechanism. In 

the case of stimulated Raman scattering, the incident electromagnetic wave 

drives an electromagnetic wave and a Langmuir wave. When the Langmuir 
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wave becomes large enough, it can overcome the damping threshold and 

drive a second Langmuir wave and an ion acoustic wave, the Langmuir decay 

instability. The experimental evidence for this saturation mechanism is 

shown primarily in Chapter 6, but also in chapter 5 and in Villeneuve et 

al.,[40]. 

Although the Langmuir decay instability has received the most 

attention, there are a number of other possible decays. The Langmuir wave 

associated with stimulated Raman scattering can also decay into an 

electromagnetic wave and an ion acoustic wave, the electromagnetic decay 

instability,[41-45] which is discussed in detail in chapter 3. The threshold 

conditions for the Langmuir decay instability and the electromagnetic decay 

instability can be expressed as conditions on the amplitude, 8n/n, of the 

pump Langmuir wave 

Sn 
n 

Sn 
n 

4 kepw^Pe I Vja Vepw a n d (2.5.1) 
LDI ( e e p w • e e p w 2 ) ^ <»ia «epw 

4 k e p w A D e | y i a y s ( 2 5 2 ) 

EDI (eepw-es j l^ ia^s ' 

respectively[39,46]. In equation 2.5.1 and 2.5.2 above, kepw is the wavenumber 

of the pump Langmuir wave, coia(via) ©epw(vepw)/ a n d ©s(vs) are the 

frequencies(damping) of the daughter ion wave, Langmuir wave, and 

electromagnetic wave, respectively, and e e p w and e e p w 2 , are unit vectors in 

the direction of propagation for the pump Langmuir wave, e e p w , and the 

daughter Langmuir, e e p w 2 , wave while e s is the unit vector in the direction 
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of the vector potential of the scattered electromagnetic wave. Figure 2.5.1 

shows the threshold amplitude which the Raman generated Langmuir wave 

must reach before the threshold for convective instability is reached. This 

figure assumes a CH plasma with an electron temperature of 1 keV and an 

incident laser wavelength of 351 ran. The solid line represents the threshold 

corresponding to the Langmuir decay instability while the dashed line 

represents the threshold corresponding to the electromagnetic decay 

instability. This figure shows that the Langmuir decay instability has a slightly 

lower Langmuir-wave-amplitude threshold for kX&Q less than approximately 

0.2, however, the electromagnetic decay instability has a substantially lower 

Langmuir-wave-amplitude threshold for kA,De>0-2. The daughter 

electromagnetic wave associated with the electromagnetic decay instability 

does not experience Landau damping, so when the Landau damping on the 

daughter Langmuir wave associated with the Langmuir decay instability 

becomes larger than the collisional damping, the threshold for the Langmuir 

decay instability rises exponentially due to the Landau damping on the 

daughter Langmuir wave. This results in a higher threshold for the 

Langmuir decay instability than the electromagnetic decay instability for 

kA,De>0-2- The threshold for the Langmuir decay instability qualitatively 

agrees with representative spectrum of stimulated Raman backscattering 

which can be seen in figure 2.10.3 below. The threshold for LDI is highest for 

k^De>0-2 when Landau damping on the daughter Langmuir wave is large, 

however, it falls quickly as kAoe decreases due to the exponential dependence 

on kXoe for the threshold condition which is similar to the spectrum shown 
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in figure 2.10.3. This qualitative behavior was the basis for an explanation of 

the gap region in the Raman spectrum discussed in section 2.8b[39]. 
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Figure 2.5.1 Figure showing the amplitude of the Langmuir wave at the 

threshold for convective instability. The solid line represents the threshold 

for the Langmuir decay instability while the dashed line represents the 

threshold for instability of the electromagnetic decay instability. The bottom 

horizontal axis shows the percent of critical density that the Raman process is 

occurring, while the top horizontal axis shows the corresponding value of 

kA-oe for the direct backscattered Raman generated Langmuir wave. 

The driven electromagnetic wave in stimulated Raman scattering can 

also undergo secondary decay. The range of densities over which Raman 

scattering is driven produces scattered electromagnetic waves which range 
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from the scattered electromagnetic waves critical surface down to well below 

the quarter-critical-surface for the scattered electromagnetic wave. The 

secondary decay processes which may be driven by the scattered 

electromagnetic wave associated with stimulated Raman scattering therefore 

includes the oscillating two-stream instability at the quarter critical surface, 

the ion acoustic decay instability from ne/n c r =0.25 to 0.2, two plasmon decay 

from ne/n c r =0.09 to 0.1, stimulated Brillouin scattering below ne/n c r =0.25 , 

and stimulated Raman scattering below rte/ncr=0.1 where these densities are 

in relation to the electromagnetic wave driving the stimulated Raman 

scattering process. 

The easiest of these secondary processes, resulting from the scattered 

electromagnetic wave, to observe would be the decay of the scattered 

electromagnetic wave associated with stimulated Raman scattering into two 

Langmuir waves, two plasmon. decay. This should occur at approximately 

ne/ncr=0.09 to 0.1 with respect to the frequency of the interaction beam 

driving the stimulated scattering process. The secondary Langmuir waves 

would then be observed as the interaction beam Thomson scatters from the 

Langmuir waves driven by this process producing a scattered electromagnetic 

wave which should be easily diagnosed. The scattered electromagnetic 

spectrum should have the characteristic double peaked emission pattern 

associated with 3/2 a»o emission. In this case, however, the double peak 

pattern would be centered about 1.32 co0. This experiment was proposed as a 

UC-LLNL collaborative experiment on the NOVA laser. This process could be 

important for holhraum experiments which have very long scalelengths and 

are typically filled with a gas mixture at about ten percent of the critical 
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density for the interaction beam, the required density for this process to occur. 

Large levels of stimulated Raman scattering, >10%, have been observed in 

such experiments indicating that this particular secondary instability should 

be above the required threshold. If this experiment were done in a gas bag or 

holhraum configuration, the damping on the Langmuir waves could be 

easily varied by changing the ionic concentration of the gas present. 

2.6 Modulational instability and collapse of the 
Langmuir waves 

The modulational instability is another mechanism which could be 

considered a secondary decay mechanism mentioned above. In the 

modulational instability, a Langmuir wave decays into a purely growing 

density fluctuation plus a number of secondary Langmuir waves [47-49]. The 

equations, which represent a sufficient description of the modulational 

instability, are known as the Zakharov equations and are derived in 

Appendix 2.5 for the case of ponderomotive detuning. The low frequency 

Zakharov equation[50] is given by 

dt2 j 
n e l ^ Z m e v 2 | 
noe 2Mi I e h 

(2.6.1) 

The high frequency Zakharov equation can be written as 

f n o \ 
i — + -© D P A;Lv 2 

dt 2 p < K D e 
u e h = 0 . 5 o ) p e ^ u e h , (2.6.2) 

n oe 
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where the fast oscillation at the plasma frequency, ©pe, has been removed 

from the equation. These two equations can be Fourier transformed yielding 

the dispersion relation for the modulational instability. Including both a 

stokes and anti-stokes daughter Langmuir wave, the dispersion relation for 

the modulational instability can be written as 

o 
CO] pe 

2 EC 
vth 

2 2 2 

Zm e k VQSCOS 8 
M i 8© 2

e 

COCOp CO -15A^(-2k 0 -k + k 2 ) 
- 1 

> + 

G)COn CO 
2 

L - p e COZ- 2C0 2 pe 
-L5A^(2k 0 -ic + k 2 ) 

- 1 

(2.6.3) 

This dispersion relation also describes the Langmuir decay instability, in 

which case the antistokes component is non-resonant and can be neglected. In 

the dipole limit of the pump Langmuir wave, ko=0, a range of ion 

wavenumbers are unstable, causing a broadening in the Langmuir wave 

spectrum. For the experiments described in chapters 5 and 6 which saw a 

broadening in the Langmuir wave spectrum, the dipole approximation for 

the pump Langmuir wave is, however, not a good assumption since in these 

experiments kcAoe-O-lS to 0.3. In this case, the finite pump wavenumber has 

a stabilizing effect on the modulational instability reducing the range of 

unstable wavenumbers as shown below in figure 2.6.1. The modulational 

instability might also play an important role in increasing the level which 
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stimulated Raman scattering can grow. In section 2.3, it was the effects of 

inhomogeneity on the overall gain was reviewed. A simple model was 

constructed which showed that the gain was limited by the finite 

wavenumber resonance width driven by the instability. This finite resonance 

width limited the length over which stimulated Raman scattering could grow 

due to the detuning effects of the plasma inhomogeneity. The modulational 

instability, however, increases the resonance width which could lead to a 

larger interaction distance and a correspondingly larger gain. 

0.07 

0.06 r 
0.05 '•'- \ 

I I | I I I I | I I I I | I I I I | I I I I | I I I I . 

g 0.04 t 

J 0.03 t 
: -

0.02 |r 
i • 

0.01 | 

0 0.05 0.10 0.15 0.20 0.25 0.30 
kpump^De 

Figure 2.6.1 Range of unstable ion wavenumbers, k i a , driven by the 

modulational instability. The horizontal axis represents the wavenumber of 

the pump Langmuir wave while the vertical axis represents the wavenumber 

of the ion wave. The shaded region shows the unstable ion wavenumbers. 

This graph was made assuming a pump Langmuir amplitude of 5n/n=0.01. 
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There have been several experiments which have looked at the effect 

of modulational instability in laser-produced plasmas[3,51]. The two 

experiments referenced above used Thomson scattering to observe the 

Langmuir wave and ion wave spectrum driven by two copropagating 

electromagnetic waves whose frequency difference was approximately equal 

to the plasma frequency. These experiments reported that the modulational 

instability was the mechanism responsible for the saturation of the amplitude 

of the Langmuir wave driven by these two copropagating electromagnetic 

waves. 

When the amplitude of the Langmuir waves become large enough, the 

Langmuir waves can become trapped in the density hole, caviton, dug by the 

ponderomotive force associated with the Langmuir wave itself. The 

threshold amplitude for caviton formation can be understood by a simple 

pressure balance argument. The pressure associated with the electric field of 

the Langmuir wave pushes plasmas out of regions of high field in order to 

maintain a balance of pressure with the surrounding plasma. The threshold 

for caviton formation is the point at which the frequency of the Langmuir 

wave inside the caviton becomes equal to the electron plasma frequency 

outside of the caviton, at which point the Langmuir wave becomes trapped. 

Assuming that the frequency of the Langmuir wave is equal to the plasma 

frequency outside of the caviton, the ratio of the density inside the cavity to 

that outside the cavity is simply njngjde/noutside= ^pe /^epw Using the 

dispersion relation for a Langmuir wave, ©epw = ^pe | l + 3k |p W ADe], this ratio 

may be written as njngjjjg/noutgjde = l - 3 k g p w A D e . The pressure balance then 
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equates the field, E /8jt, and particle pressure, n^^e*Tinside/ inside the 

caviton with the particle pressure, n o u t s i c i e K T o u t s i d e , outside the caviton, 

ninsideKTinside + E / 8 ^ = noutside^outside- (2.6.4) 

Using the above relations and assuming that the electron temperature inside 

the caviton is equal to the temperature outside the caviton, the pressure 
balance can be written as E2/(8OTio u t s i (jeKT) = 3kepWADe. Utilizing Gauss' law, 

V-E = 47cp, the above pressure balance can be written in terms of the 

Langmuir wave amplitude, ^-epvf/ninside ==^6kepw^De-

Zakharov showed that in 3-dimensions equations 2.6.1 and 2.6.2 lead to 

the collapse of the Langmuir waves, resulting in a further localization of the 

Langmuir wave energy[50,52]. The self-accelerating collapse process continues 

until the caviton has reached the size where a near thermal electron can 

traverse the caviton in a half cycle of the Langmuir waves frequency. At this 

point the energy contained in the Langmuir wave is quickly returned to the 

electrons through transit time damping and the caviton "burns out" [47]. The 

saturation of the Langmuir wave amplitude in this case is determined by the 

amplitude of the Langmuir wave directly before the "burn out" stage of the 

collapse. The saturation of the Raman process, however, could occur before 

the saturation of the Langmuir wave itself. Although the amplitude of the 

Langmuir wave is growing, it is becoming localized over an ever decreasing 

volume. The energy density of the scattered light is proportional to the square 

of the amplitude of the density fluctuation multiplied by the square of the 

typical dimension of the caviton. In the self-similar solution to the Zakharov 
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equations in 3-d, the amplitude of the Langmuir wave is proportional to the 

inverse square of the size of the caviton. This solution, however, is for the 

case of an undriven Langmuir wave. In that case, the total energy of scattered 

light from the caviton is proportional to the caviton size during collapse. The 

maximum scattered light detected in the experiment would then be 

determined from the amplitude of the Langmuir wave at the onset of 

col lapse which was given above to be approximate ly 
nepw/ ninside = V6k|pw^'De • This w o u ^ predict a smaller amplitude Langmuir 

wave at saturation than the threshold for Langmuir decay instability 

discussed above only for kepw^De<0-03. Again, this does not correspond to 

the saturation of the amplitude of the Langmuir wave which continues to 

grow over an ever decreasing volume until the "burn out" phase of the 

caviton. This also does not include the growth of the Langmuir wave due to 

the Raman process itself which could cause the increase scattering due to the 

higher Langmuir wave amplitude be more important than the reduction in 

scattering volume. 

During the collapse of the caviton, the frequency of the Langmuir 

waves is also changing which can remove the Langmuir waves out of the 

resonance width driven by the stimulated Raman process. The detuning 

resulting from the amplitude dependent change in the frequency of the 

Langmuir wave is discussed in the following section. Once the Langmuir 

wave has been removed from the resonance, the growth of the Langmuir 

wave is determined by the dynamics of the collapsing caviton and the above 

estimations should be valid. 
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2.7 Ponderomotive detuning 

Ponderomotive detuning was proposed as a saturation mechanism for 

stimulated Raman forward scattering[38]. This mechanism uses the Zakharov 

equations described above and looks at the effect of the change in frequency of 

the Langmuir wave, caused by the growth of the Langmuir wave, on the 

growth of stimulated Raman forward scatter. In the paper introducing this 

mechanism, [38] the Zakharov equations were solved in steady-state using the 

quasi-static approximation with the further assumption that the spatial 

dependence could be written as a slowly varying component multiplied by a 

fast oscillation in the same manner as the convective instabilities in section 

2.3. Solving these equations in steady-state precludes the possibility of 

Langmuir collapse. The modulational instability, which causes a broadening 

in the wavenumber spectrum of the Langmuir waves, might stabilize this 

saturation mechanism in the sense that although the spectrum is changing, if 

the overall spectrum is broad enough that there is an overlap with the 

original resonance width, the instability might continue to grow. 

The effect of ponderomotive detuning can be viewed very simply by 

examining the equation describing the Langmuir wave participating in 

stimulated Raman scattering with the inclusion of the Zakharov low 

frequency response, 
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dt 2+©£e 1-1 
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which is identical to the expression derived in Appendix 2.1 except for the 

nonlinear term on the left side of the equation which accounts for the effect 

of the Langmuir wave and scattered electromagnetic wave pressure on the 

plasma frequency. This process can be thought of as a detuning by removing 

the frequency of the wave from the resonance width driven by the instability. 

The instability is driven only over a narrow range of frequencies proportional 

to the homogeneous growth rate of the instabil i ty. Ignor ing the 

electromagnetic pressure, the left hand side of the above equation can be 

expressed roughly as the dispersion relation 

®qw + <»pe 1 2 k 2 X2 

n, 
2̂ 1 

epw 
n, oe 

+ 3 v 2

h k 2 ~ 0 , (2.7.2) 

w i t h t h e a s s u m p t i o n t h a t w h e n n e p w ( n o e ) " * is smal l , 

^ e p w + ^ p e + 3v thk 2 p W = 0 is satisfied. As the Langmuir wave grows in 

ampli tude, the wavenumber of the Langmuir wave frequency changes, 

k w => k w + Ak. By expanding the dispersion relation, this change in 

w a v e n u m b e r i s 
2 

A k « 

f o u n d t o 
i - l 

b e t o p r o p o r t i o n a l 

n e p w ( n o e ) _ 1 ^pe f^epw^ jVepw] - Using the results from section 2.3, 

the wavenumber resonance width is proportional to Ak « y 0 l V e p w V s 1 
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Once the wavenumber changes by a number of resonance widths, the 

instability is detuned and ceases to grow. Therefore, the amplitude of the 

L a n g m u i r w a v e , nepw( noe)~ / s a t u r a t e s a t 

n e p w f n o e l ' ^ k ^ A ^ y ^ ^ V ^ V ^ 2 5 . Appendix 2.5 details the 

calculation and finds the numerical coefficient in front which is equal to 0.5. 

Figure 2.7.1 below shows a comparison of the Langmuir wave amplitude 

predicted by the ponderomotive detuning model with the Langmuir wave 

amplitude at the damping threshold for the Langmuir decay instability. This 

figure was generated assuming a CH plasma at 1 keV irradiated with a 351 nm 

interaction beam at 5x10*4 W/cm^. As shown in the figure, the 

ponderomotive detuning can onset at much smaller values than the 

damping threshold for the Langmuir decay instability. However, as stated 

above this treatment assumes that the modulational instability does not 

broaden the Langmuir wave spectra which might prevent saturation of the 

Langmuir wave's amplitude by this mechanism. In addition, many of the 

simulations looking at the saturation of stimulated Raman scattering, which 

include the physics of the Langmuir decay instability and ponderomotive 

detuning, see the generation of Langmuir waves attributed to the Langmuir 

decay instability [9,12,13], 

This mechanism can also be applied to the problem of beat wave 

excitation of Langmuir waves [2]. In this case, the nonlinear dispersion 

relation remains the same, however, the wavenumber resonance width of 

the scattering process is different than the stimulated process above. Again, by 

expanding the nonlinear dispersion relation shown in 2.7.2, the change in 

wavenumber resulting from the ponderomotive force of the Langmuir wave 
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i - l 
is proportional to Ak°= r ^ p ^ n ^ ) ^ p e ( k epw^) V epw / t n e s a m e a s m e 

stimulated process described above. The resonance width for the scattering 

^epw-srs^De 
0.300.25 0.20 0.15 0.10 

0.15 0.2 0.25 

% N e / N c r 

Figure 2.7.1 Comparison of the Langmuir wave amplitude at saturation 

predicted by the ponderomotive detuning model(dashed line) versus the 

Langmuir wave amplitude at threshold for the Langmuir decay 

instability(solid line). 

problem is found by examining the linear version of equation 2.7.1 above. 

The assumption is made that the wave quantities in equation 2.7.1 can be 

written as a slowly varying spatial component multiplied by a fast oscillating 

component in time and space. This reduces the above equation to 
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d^e = - i c 2 ^ p w r x

 N 

<*x 4 V e p W O e p w ° S [Zxii&j 
(2.7.3) 

where II 0.5xxj^t is unity between - x i n t and x i n t and zero elsewhere, xint 

represents the length over which the process is driven before saturation. The 

solution to equation 2.7.3 is simply ¥ e =[-0.25ic2kep w

,I'o*I' sVepWfi)epw|x- T ^ 

resonance width is found by Fourier transforming equation 2.7.3 and looking 

for the FWHM in the same manner as described in section 2.3. The Fourier 

transform of equation 2.7.3 is 

«, f l : y -c 2 k epwxL H k x i n t ) (2.7.4) 
^V e pw»epw j c x ^ 

It is apparent from equation 2.7.4 that the FWHM is proportional to the 

inverse of the interaction length or Ak <* x^ t . The interaction length is found 

by equating the resonance width, Ak °c xj£ t, with the change in wavenumber, 

Ak 
|2 17 o o x 1-1 

nepw( noe) ^pe (̂ epw^DejVepw / found above. This yields an 

i n t e r a c t i o n l e n g t h p r o p o r t i o n a l t o 

( 2 A 2 —1\V^/ 2 2 1 - 1 \ — 2/3 

kepiAeVepw^pe) ( c Kpw^o^s^'epw^epw) • The saturat ion 
amplitude of the Langmuir wave is then 

^ = - - ( k e p W ^ r ( c 2 k | p „ « r „ « P s ^ w f . (2.7.5) 



CHAPTER 2. SATURATION MECHANISMS 48 

It should be noted that this is lower than the value predicted by relativistic 

detuning for the beat wave process described below in section 2.9. 

2.8 Mode Coupling(unstimulated processes) 

a. Self-interaction between different decay triangles 
The wave-wave saturation of stimulated Raman scattering has 

primarily dealt with the Langmuir decay instability, whereby the Langmuir 

wave decays into a secondary Langmuir wave and an ion acoustic wave. This 

section focuses on the effect of mode coupling between several decay triangles 

associated with stimulated Raman scattering. In this manner, energy is fed 

into both Langmuir waves directly from the stimulated Raman process itself. 

This process has been observed in the case of two plasmon decay through 

particle-in-cell simulations[53], as well as Thomson scattering experiments 

described below[54]. The ponderomotive force created by the coupling of these 

two Langmuir waves then drives an ion acoustic wave. Unlike the 

stimulated process of the Langmuir decay instability, mode coupling has no 

threshold to overcome, assuming stimulated Raman scattering is being 

driven. 

When the Langmuir waves, associated with separate decay triangles of 

stimulated Raman scattering, drive the ion acoustic wave, the ion acoustic 

wave experiences secular growth. Because of the ion wave's relatively high 

ratio of damping to ion acoustic frequency, the amplitude that the ion 

acoustic waves are driven is determined primarily by damping rather than 



CHAPTER 2. SATURATION MECHANISMS 49 

plasma inhomogeneity. An ion acoustic wave is driven due to the 

ponderomotive pressure of two Langmuir waves as shown by 

dt Ui'dx +2v -—c i— T 
n ia _ 

n oe 

Zm e ^epwi^epw^ (r r 
M,- k 2 k 2 I ePwi"kepw2 i KepwiKepw2 
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hx2{ noe n, 

epw2 
oe > 

(2.8.1) 

where Z is the average charge state in the plasma, me is the electron mass, Mi 

is the ion mass, o>epwi and o>epw2 are the Langmuir pump frequencies, kepwi 

and kepw2 are the Langmuir pump wavenumbers, n e p w l / n o e a n d 

nepw2/noe a r e *^ e pump Langmuir wave amplitudes, cs is the sound speed, 

and n i a / n o e is * n e amplitude of the ion acoustic wave. The wave 

a m p l i t u d e s a r e a s s u m e d to be of t h e form 

—•£- = — ¥ a e x p iMk a -dx-o) a tJ +c.c. For a resonant interaction, equation 
loe 

2.8.1 can then be written in the form 
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It is interesting to note that mode coupling between these two decay 

triangles associated with stimulated Raman scattering produces long 

wavelength ion acoustic fluctuations. These fluctuations are close to the 
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wavelength which Nicholson[25] found to be capable of causing absolute 

instability. Nicholson investigated the effect of a time-independent sinusoidal 

density perturbation superimposed on a linear density gradient. He found 

that the sinusoidal density perturbation could induce an absolute instability 

and that this effect was strongest when A i o n = 2 ^ - ^ / 2

v l / o 1 - This introduces 

the very interesting possibility that mode coupling between the different 

decay triangles driven by stimulated Raman scattering could induce absolute 

instability. This would then provide an explanation for the large levels of 

Raman seen in experiments in which the wavenumber mismatch is strictly 

linear and the Raman process should be a convective instability. There have 

been many experiments which have seen considerably larger levels of 

stimulated Raman scattering than would be predicted from the expected 

convective gain[55]. This gain is difficult to explain even invoking 

filamentation as a means of enhancing the local laser intensity. These ion 

waves could also induce an absolute instability for stimulated Brillouin 

scattering and thereby provide a mechanism whereby stimulated Raman 

scattering could indirectly produce large levels of stimulated Brillouin 

scattering. The apparent seeding of stimulated Briliouin scattering has been 

previously observed in Thomson scattering experiments[56]. Mode coupling 

could also play a critical role in the saturation of the instability as well due to 

the modification of the background density by the ion acoustic waves. This 

detuning mechanism is discussed in section 2.8 b. 

A Thomson scattering experiment would be an ideal way of looking for 

the ion waves which would be produced by this mode-coupling process. The 

ion waves produced in this experiment would have very small 
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wavenumbers resulting in small angle Thomson scattered signals. If the 

experiment were done with a thin exploding foil target, a 526 nm interaction 

beam could be used to drive the stimulated Raman scattering which would 

make it easily diagnosed with a streak camera. A 1 urn probe beam could then 

be used which would result in a much larger angle scattering due to the 

smaller disparity between the probe wavenumber and the ion acoustic 

wavenumber . The primary concern would be in ensuring that the quarter-

critical surface is not present for the 526 nm interaction beam which would 

produce large levels of 1 urn light from (Do/2 emission at the quarter-critical 

surface. 

The growth of the ion waves and their effect on the Raman process 

could be looked at in detail using fluid codes in which the feedback process for 

the Langmuir decay instability and the modulational instability has been 

eliminated by taking out the coupling term in the Langmuir wave equation, 

representing the coupling between the ion waves and the Langmuir waves. 

With modifications, a code such as SATIN could be used for such a study[57]. 

The equations describing stimulated Raman scattering along with an ion 

wave equation driven by the Raman produced Langmuir waves could be 

solved in 2-D with a linear inhomogeneity to investigate the possibility that 

Raman could be driven absolute in a linear density gradient due to the ion 

fluctuations driven by the mode coupling of Langmuir waves from different 

decay triangles. The pressure associated with the ion waves would act on the 

plasma allowing the ion waves to alter the local plasma density so that the 

equations describing the Raman process see a plasma density modified by the 

ion wave fluctuations. This code would then allow the study of stimulated 
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Raman scattering to see if absolute instability could ensue. The ion waves 

acting on the plasma density could affect the saturation of stimulated Raman 

scattering by modifying the background density. This then provides a means 

by which stimulated Raman scattering can be driven absolute in a linear 

density gradient thereby explaining the large levels of Raman seen in 

experiments. It also provides a means whereby the Raman process can be 

saturated, possibly at a lower value than that predicted by the Langmuir 

waves overcoming the damping threshold for the Langmuir decay instability. 

In any case, mode coupling is very important in determining the level at 

which the Langmuir and ion acoustic waves grow. It is also very important 

for determining what particular decay geometry of LDI wins, more so than 

which has the highest growth rate which is demonstrated below. 

One of the clearest experimental evidence for mode coupling involved 

a Thomson scattering experiment with two plasmon decay[54]. Many of the 

first Thomson scattering experiments used CO2 lasers to interact with the 

plasma and drive Two Plasmon Decay[58]. These experiments utilized visible 

light to perform Thomson scattering off of the Langmuir waves and 

subsequent ion waves produced in Two Plasmon Decay. In one of these 

experiments, the simultaneous spectrum of Langmuir waves and ion acoustic 

waves were measured[54]. The experimentally measured wavenumber 

spectrum of electrostatic waves is shown in figure 2.8.1. 

The magnitude of the wavenumbers driven in two plasmon decay are 

very sensitive to the electron temperature of the plasma. Many of the CO2 

experiments had electron temperatures of less than 100 eV. As a consequence 

the Langmuir waves excited had wavenumber magnitudes much greater 



CHAPTER 2. SATURATION MECHANISMS 53 

than the wavenumber of the incident pump. Because these wavenumbers 

were so much larger than the incident wavenumber, the magnitude of the 
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Figure 2.8.1 Wavenumber resolved Thomson scatter spectrum from 

Langmuir waves and ion waves participating in stimulated Raman scattering. 

This graph has been reprinted from Baldis et al. 1991, [17]. 

Langmuir wavenumbers are insensitive to their angle relative to the incident 

wavenumber. The wavenumbers are then sensitive primarily to the density 

and temperature of the plasma. In the experiment shown above the 

wavenumbers are roughly between 7 and 13 times the wavenumber of the 

incident electromagnetic wavenumber. Assuming the long wavelength cutoff 

of the waves correspond to a value of k^De=0-3, the electron temperature is 

estimated at approximately 75 eV. If the long wavenumber cutoff is chosen to 

occur at a value of kX,De=0.3, then the short wavenumber cutoff can be 

estimated from the Thomson scattered data as approximately kX,De=0-15. It is 
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interesting to note that this spectrum appears to have a gap for small kfoe 

values, very similar to stimulated Raman scattering. 

There are several mechanisms which can lead to the generation of ion 

acoustic waves. These mechanisms include the Langmuir decay instability in 

which a Langmuir wave decays into a Langmuir wave and an ion acoustic 

wave, the electromagnetic decay instability, the coupling of Langmuir waves 

to drive ion acoustic waves, and the modulational instability which is a four 

wave process. The ion waves shown in the data above have wavenumbers 

greater than the wavenumber belonging to the waves which precludes the 

modulational instability which drives near zero wavenumber ion waves. 

Likewise, the electromagnetic decay instability, described in chapter 3, 

produces ion acoustic waves with wavenumbers approximately equal to the 

wavenumber of the Langmuir waves, which was not observed in the 

experiment. Because the scattering process(mode coupling) has no threshold 

to overcome, it is likely that this process will be the first to occur. 

In the scattering process, Langmuir waves from different decay 

triangles couple together to drive ion acoustic waves. For this scattering 

process to be resonant, it must satisfy the frequency and wavenumber 

matching conditions <3)}a = © e pwi + ^epws a n c ^ ^ia = ^epwi + ^epw3 w n e r e 
<2>ia(* :ia)/fl ,epwi(^epwi)/aridfi>epw3(^epw3) a r e t n e frequency(wavenumber) for 

the scattered ion acoustic wave, the first Langmuir wave, and the third 

Langmuir wave respectively. The two Langmuir waves are from different 

decay triangles. The waves can possibly satisfy the matching conditions 

between an ion acoustic wave and both a red plasmon and a blue plasmon. 

The coupling of a blue(red) plasmon with another blue(red) plasmon 



CHAPTER 2. SATURATION MECHANISMS 55 

produces smaller wavenumber ion acoustic waves and the coupling of a blue 

plasmon with a red plasmon produces ion acoustic waves with larger 

wavenumbers. 

For the parameters of this experiment, the coupling between red and 

blue plasmons produce ion acoustic wavenumbers which vary from 1.5 k e p w 

near the higher wavenumber cutoff of the spectrum to approximately 1.56 at 

the lower wavenumber cutoff of the spectra. The magnitude of the ion 

wavenumber generated with this coupling is very insensitive to both angle 

and density. These wavenumber magnitudes agree extremely well with the 

Thomson scattered data shown in figure 2.8.1, which is in contrast with the 

analysis of the authors who assumed that the ion acoustic wavenumber 

should be at twice the wavenumber of the Langmuir wave, which is the ion 

wavenumber with the highest growth rate involved in the Langmuir decay 

instability. The shorter ion acoustic wavenumber, however, varies 

considerably with angle but is insensitive to density. In this case, to generate 

the shorter wavenumber ion acoustic fluctuation, a red(blue) plasmon at 

some angle to the incident wavenumber has to couple with a red(blue) 

plasmon scattered nearly perpendicular to the incident laser wavenumber. 

The absence of the shorter wavenumber ion acoustic waves is then likely due 

to the absence of the appropriate waves to couple to. When the two large 

amplitude Langmuir waves drive the ion acoustic wave, the ion acoustic 

wave experiences secular growth. 

Another interesting possibility is the coupling between Langmuir 

waves associated with two plasmon decay to drive an electromagnetic wave. 

This mechanism is identical to a mechanism operating at the critical surface 
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which produces second harmonic emission. I first submitted an experimental 

proposal to study this mechanism at the quarter critical surface to the 

University of Rochester in 1992. This process was studied independently by 

Russel et al.[59] using numerical simulations. In this process, Langmuir 

waves from different decay triangles associated with two plasmon decay 

couple together driving an electromagnetic wave which satisfies the 

wavenumber and frequency matching conditions 

®epwi + fl>epw2 = ®s a n d (2.8.3) 

kepwi + k e p w 2 = k S / (2.8.4) 

where G> e pwl(kepwl), C 0 epw2(kepw2) , and co s (k s ) are the frequency 

(wavenumber) of the first Langmuir wave, the second Langmuir wave, and 

the driven electromagnetic wave respectively. The equation describing the 

amplitude of the electromagnetic wave produced by the coupling of two 

Langmuir waves is 

( ^2 ^ 
A-.+ G)2 -C 2 V 2 

v d t 2 p e , 2 " re m e c r 

< nepwi Uepw2 |̂ (2.8.5) 
n ^ c e V oe ^transverse 

where q A s / m e c 2 , r i e p w l / n o e / u e p w l / c is the amplitude of the 

electromagnetic wave, the amplitude of the first Langmuir wave, and the 

oscillation velocity of the electrons in the second Langmuir wave, 

respectively. Using the procedure outlined in chapter 4, the amplitude of the 

electromagnetic wave produced in a linear profile will be 
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to i_V2^ <V (2.8.6) 
1 s | ~ 4 OsVgsVF e P w l e ? w 2 ' 

The process of driving the electromagnetic wave takes energy out of 

the Langmuir waves providing a damping mechanism which can help to 

saturate the instability. The electromagnetic wave can take a significant 

amount of energy out of the Langmuir waves, while the ion wave discussed 

above does not take a significant amount of energy from the waves but rather 

acts to transfer energy between the different decay triangles. The large level 

ion wave can, however, modify the background density and detune the 

parametric instabilities, as well as cause profile steepening. Another of the 

important possibilities for this mechanism is that the electromagnetic wave 

produced in this process could act as an enhanced noise source from which 

stimulated Brillouin scattering could grow. Stimulated Brillouin scattering is 

a parametric instability in which an electromagnetic wave drives a scattered 

electromagnetic wave and an ion acoustic wave. 

An experiment to look for this scattering process will be plagued by the 

need to eliminate the occurrence of stimulated Brillouin scattering. An 

experiment could involve using a gas bag target or capillary discharge which 

would be filled with a mixture of Helium and Hydrogen which results in 

large damping of the ion acoustic wave driven by stimulated Brillouin 

scattering. A plot of the damping as a function of the ratio of the ion 

temperature to the electron temperature can be seen in figure 4.4.5 in 

Appendix 4.4. Secondly, the scattered light would be collected which had 

polarization rotated 90 degrees from the interaction beam which should 
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greatly reduce the effects of stimulated Brillouin scattering whose gain 

exponent is proportional to the square of the cosine of the polarization angle 

between the incident and scattered light. The gas fill in the targets could be 

varied from below around ten percent of critical to above quarter critical to 

look for a change in the electromagnetic emission near the laser frequency as 

the two plasmon decay is turned on when densities around twenty to twenty 

five percent are present. Another possibility would be to use an exploding foil 

target to let the peak density change from above quarter critical to below 

twenty percent of critical while monitoring the level of "SBS like" emission 

which was the original design of the experiment submitted to Rochester, 

however, the enhanced damping obtainable with gas mixtures should help to 

reduce the stimulated Brillouin scattering signal. 

b. Interaction between different instabilities 

The most widely studied interaction between different instabilities 

involves the interaction between stimulated Raman scattering and 

stimulated Brillouin scattering[ll,56,60,61]. One way stimulated Brillouin 

scattering can saturate the Raman process is through quasi-resonant mode 

coupling[4,61-63]. In this process a Langmuir wave can couple with an ion 

wave generating Langmuir waves which have a wavevector, ki, equal to the 

original Langmuir wavevector, k e p w / plus an integer number of the ion 

wave's wavevector or kL = k e p W ± n k j 0 n x . For this process to be efficient the 

resultant mismatch between the Langmuir waves must be less than the 
frequency variation, AGO, produced by the ion wave, A©/©pe = 0.5nj a/n oj [62]. 
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Therefore, this quasi-resonant mode coupling typically requires large 

amplitude ion acoustic waves before this process becomes efficient. The 

source of ion waves typically proposed for this process is stimulated Brillouin 

scattering[64]. If ion waves are produced which satisfy the above criteria, then 

energy may be efficiently transferred from the Raman driven Langmuir wave 

into secondary Langmuir waves. The generation of these coupled modes can 

introduce a large nonlinear damping into the original Raman process thereby 

saturating stimulated Raman scattering[4]. As pointed out above in 2.8 a, the 

Langmuir waves from different decay triangles can couple together driving 

ion waves which could then undergo quasi-resonant mode coupling if the 

ion waves were driven to sufficient amplitude. 

Stimulated Brillouin scattering can also saturate stimulated Raman 

scattering due to the detuning effects associated with the modifications of the 

background density profile caused by the ion waves[ll,65]. The Langmuir 

wave equation for stimulated Raman scattering is modified by the density 

fluctuation as shown in equation 2.7.6 where the low frequency fluctuation 
n e l / n o e represents the ion wave. Stimulated Raman scattering is detuned 

when the wavenumber change induced by the density fluctuation becomes 

larger than the resonance width of the instability shown above to be 

proportional to Ak «= y 0 ( v e p W V s ] . The change in wavenumber induced by 

the ion wave is given by Ak <*= (n e j /n o e ) [k e p W A D e J . The Raman process can 

then become detuned when the ion wave amplitude, ne l /n 0 e / has reached a 

value (n e j /n o e ) «= (vog /c Jk^^pgJkgp^s 1 . A distribution of ion waves, 

however, will likely reduce the stabilization effect on the Raman process. 

These ion waves could be produced by a number of sources. As pointed out 
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above in 2.8 a, the Langmuir waves from different decay triangles can couple 

together driving ion waves which could lead to the detuning of the Raman 

process. Also the Langmuir waves could become large enough to form 

cavitons as discussed in section 2.6[11]. The density fluctuations resulting 

from these cavitons can then produce enhanced levels of ion waves which 

can both seed stimulated Brillouin scattering and reduce the level of 

stimulated Raman scattering [11]. Stimulated Brillouin scattering could 

produce large levels of ion waves which could detune the Raman 

process[60,65,66]. Forward Brillouin scatter can also be seeded by two crossed 

laser beams. Eventually this technique could be used in laser-driven fusion to 

control stimulated Raman scattering through the generation of large 

amplitude ion waves. These ion waves would take a minimal amount of 

energy from the driver beams with all but a very small fraction of the energy 

going into the forward direction. 

In many experiments, a gap in the spectrum of stimulated Raman 

scattering is observed [39]. This gap typically ranges from slightly below 
n e / n cr=0 .25 to approximately ne/nCr=0.2. This is also the range of densities 

over which two plasmon decay is driven. As discussed in 2.8 a above, the 

Langmuir waves associated with two plasmon decay can couple together 

driving large amplitude ion acoustic waves [53,54]. In addition, the Langmuir 

waves driven by two plasmon decay can undergo decay by several of the 

secondary processes discussed in section 2.5 driving large amplitude 

Langmuir waves. Additionally the Langmuir waves can undergo collapse as 

discussed in section 2.6 leading to the generation of ion fluctuations. These 

ion waves can then detune the Raman process as discussed above. This 
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represents one possible explanation of the Raman gap although there are 

several other explanations [39,67,68]. The relation given above for the 

detuning by ion waves, ( n e i / n o e ) ~ (vos/cjkepy.X^^k ep W k s , suggests that the 

gap should begin to disappear when the temperature of the plasma is 

increased sufficiently, which consequently raises the value of kepw^De m the 

gap region. An interesting experiment to look at the effects of the ion 

dependent saturation mechanisms on the gap would involve looking at 

stimulated Raman scattering from a solid target utilizing a high-intensity 

short-pulse laser. If stimulated Raman scattering is driven hard enough that 

it grows faster than the ion waves can saturate the instability, then the gap 

should not be present in the case of these high-intensity short-pulse 

experiments. In addition, the high vos/c should reduce the stabilizing effect 

of the ion waves. 

2.9 Relativistic detuning 

This section examines relativistic effects on the detuning of parametric 

instabilities involving waves. Relativistic detuning become important when 

the oscillation velocity of the electrons become relativistic. Recent short pulse 

experiments have achieved high enough intensities that the oscillation 

velocity of the electrons in the electromagnetic field is relativistic. Likewise 

there are conditions where the oscillation velocity of the electrons can 

become relativistic due to the electrostatic field of the Langmuir wave itself. 

The continuity equation, 
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% + V-(nu) = 0, (2.9.1) 
at 

provides insight into where relativistic effects are important in the latter case. 

By assuming a plane wave solution and linearizing the density into zero 

order and first order components, the continuity equation can be written as 

UQS „ ^epw Sa {2.93) 
c ck e p W nQg 

This shows that the oscillation velocity is relativistic primarily for Langmuir 

waves with very small wavenumbers. Therefore, the instabilities most 

affected by this detuning mechanism should be the oscillating two stream 

instability at the critical surface and to a lesser degree forward stimulated 

Raman scattering. 

The saturation of waves by relativistic detuning was first considered by 

Rosenbluth and Lui[7]. The specific case which they considered was a 

Langmuir wave driven by two electromagnetic waves, which is unstimulated 

Raman forward scattering. Because the oscillation velocity of the electrons is 

proportional to the amplitude of the electron plasma wave, as the wave 

grows the oscillation velocity of the electrons changes causing the frequency 

of the wave to change and the scattering process to eventually become 

detuned. For stimulated processes, the frequency resonance width of the 

instability is proportional to the growth rate so that when the Langmuir 

wave's frequency changes by an amount equal to some number of growth 
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rates of the instability, the resonance width, the instability detunes itself and 

does not experience further growth. 

Recently, the case of stimulated Raman forward scattering has been 

looked at[69]. For stimulated Raman forward scatter, the wavenumber of the 

wave is approximately kepw=Q>pe/c- This calculation is detailed in Appendix 

2.7. The equation describing the growth of the Langmuir wave participating 

in Raman scattering may be written as 

-+U2 

T5-rPe- 3 v^ V 2K= ( Z 9 3 ) 

m 2 c 2 
-y 1" (C/c) ^(Ascatt • A p u m p ) , 

where the Langmuir wave amplitude, n l e /noe , is equal to n l e / n o e = |V£|. The 

left hand side of the above equation can be expressed roughly by the following 

dispersion relation 

co2 l + LSfc / c f l+ f f l ^+Sv&k^ = 0, (2.9.4) 

with the assumption that when (c/c) is small, ©gpw + co^ + S v ^ k ^ = 0 is 

satisfied. As the Langmuir wave grows in amplitude, the wave's frequency 

changes, <oepw =>• a>epw +5. By expanding the dispersion relation, this change in 

frequency is found to be proportional to 8 °= © K / C ] . Once the frequency 

changes by a number of growth rates, the instability is detuned and ceases to 

grow. The Langmuir wave amplitude at saturation is then proportional to 
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n i e / n o e o c(^epw C £ 0pe)'V^ o G )pe' w n i c h is similar, although higher, to the 

saturation amplitude for ponderomotive detuning discussed above. The 

numerical coefficient in front is approximately 2 as shown in appendix 2.6. 

Equation 2.9.4 above is the same approximate "dispersion relation" 

used to describe the scattering process whereby two fixed amplitude lasers are 

used to drive a Langmuir wave. This scattering process, however, has a 

different resonance width. The resonance width for the scattering process is 

proportional to the inverse time over which the process grows, 8 <* t^ t , as 

described in section 2.7 above. From the non-relativistic form of equation 

2.9.3 above, the spatial fluid displacement at early times grows at the 
homogeneous growth rate, C°=/ft where j5 = c 2 k e p w *P o

l P s 0)~p W . Therefore, by 

combining the resonance width, 8 «= i^t, of the scattering process with the 

frequency mismatch, 8 °= co fa>epwCc_1) / caused by the growing Langmuir 

wave and the amplitude of the fluid displacement itself, C ^ / J t ^ , the 

interaction time is found to be proportional to t ^ « c 0 p e f3~% . The 

saturation amplitude which the wave grows is found simply by plugging the 

interaction time into the homogeneous growth rate. This results in a wave 

a m p l i t u d e w h i c h i s p r o p o r t i o n a l t o 
\ - l / -1 \^( 7 7 7 \V^ 

nepw( noe) ^^epw^epw) [cKpw^o^s^'epwj a t saturation which is in 

agreement with previous results[7]. Relativistic detuning of the beatwave 

process predicts a higher saturation amplitude for the Langmuir waves by the 
/ * \2/3 

factor (cv^j over that predicted by the ponderomotive detuning of the 

beatwave process. It should be noted that both the relativistic detuning, as 
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well as the ponderomotive detuning, neglect broadening of the frequency 

spectrum by the modulational instability. 

2.10 Particle trapping and wave breaking 

Another mechanism which can saturate the amplitude of a Langmuir 

wave is particle trapping. Particle trapping is a wave-particle interaction 

which leads to the saturation of parametric instabilities due to the induced 

nonlinear damping[16,70]. When particles in the plasma are traveling at 

approximately the phase velocity of a given electrostatic wave, they can be 

efficiently accelerated or decelerated by that wave. When the amplitude of the 

electrostatic wave becomes large, the electrostatic field of that wave can 

accelerate the thermal electrons in the plasma up to the phase velocity of the 

wave resulting in a large damping. The effects of particle trapping are best 

studied with particle-in-cell simulations or Vlasov simulations[16,70]. 

The effect of the finite amplitude of the Langmuir wave is to accelerate 

the background electrons closer to the phase velocity of the wave. This can be 

modeled roughly as an effective reduction in the phase velocity of the wave 

or consequently as an effective increase in the wavenumber, keff, of the 

Langmuir wave. The effective increase in the wavenumber of the Langmuir 

w a v e c a n b e a p p r o x i m a t e d a s 

keff^De _ k e p w ^ D e l+k e p w A D e -ykep W ADe+2<5n/nj . The Langmuir wave 

with its effective phase velocity is then treated as a small amplitude wave in 

which the analytic expression for the Landau damping is valid. The next step 
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is to solve for the required value of keffX,De such that Landau damping is 

large enough to cause the instability to go below the convective damping 

threshold. Once this effective phase velocity of the wave is found, the 

amplitude of the Langmuir wave can be solved for using the above relation 

for the effective wavenumber of the Langmuir wave in terms of the actual 

wavenumber and the Langmuir wave amplitude. As an example, two 

plasmon decay is driven above the convective threshold discussed in section 

2.2 when the growth rate is larger than the square root of the product of the 

damping of the two daughter waves which in the case of two plasmon decay 

is approximately Yo>v epw ^ n the case of Langmuir waves, the analytic 

expression for the effective Landau damping of the Langmuir wave is given 

by OjfOepw^V^exp-1.5-0.5fk e f fAD e) fekgff/lpj which is valid for 

keffXoe<0.4. The effective wavenumber can then be found in the case of two 

plasmon decay by equating the growth rate to the effective Landau damping 

and solving for kef Aoe- This rough approximation can then be used to 

approximate the saturation amplitude of the Langmuir waves such that the 

damping induced by particle trapping causes the parametric instability to go 

below the convective damping threshold through the relation 

( -1 - l Ŷ  2 '> 1 + k e p w A D e - k e p w A D e k e f f A ^ j - k e p w % e As an example, for a 

typical irradiation intensity of 5x10*4 W/cm^, the gjrowth rate divided by the 

plasma frequency is approximately 9x10"^. The corresponding value of 

keff^-De such that the instability is below threshold is keffXDe=0.28. The 

resulting amplitude of the Langmuir waves at sattiration is shown in figure 

2.10.1 below as a function of the Langmuir waves actual kepw^De- It is 
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qualitatively clear that particle trapping predicts that the saturation amplitude 

of the Langmuir wave should increase with decreasing kepw^De-

0.6 i i i i i i • i i i i i i i • i i • i i i 

0 0.08 0.16 
kepw^De 

0.24 

Figure 2.10.1 Approximate Langmuir wave amplitude for which two plasmon 

decay goes below the convective damping threshold as a function of the 

parameter kepw^De-

Another possible saturation mechanism for Langmuir waves is wave 

breaking. In 1971, Coffey showed that a stationary Langmuir wave in a plasma 

could only exist in steady-state up to a fixed amplitude[71]. Figure 2.10.2 is the 

resulting graph from this paper showing the maximum amplitude a 

stationary Langmuir wave can reach in a plasma as a function of the product 

of the wavenumber of the Langmuir wave with the Debye length, ^oe- The 

amplitude at the wave breaking limit is much greater than the threshold 

amplitude for secondary decay processes which can be seen by comparing 
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figure 2.10.2 below with figure 2.5.1 in section 2.5 until k^De becomes very 

large, greater than 0.5. 

0.2 0.4 
kepw^De=vth/vph 

0.6 

Figure 2.10.2 Plot showing the amplitude at which wave breaking becomes 

important for Langmuir waves. This plot was modified slightly from a paper 

byCoffey[71]. 

The main problem with this model, as well as particle trapping, is that 

it predicts that the saturation level of waves should increase with increasing 

phase velocity. Figure 2.10.3 below shows a stimulated Raman spectrum 

taken from a solid target experiment[55]. This figure shows, as do most 

stimulated Raman spectra, that the stimulated Raman spectrum peaks where 

the phase velocity of the Langmuir waves is approximately three times the 

thermal velocity and decreases with increasing phase velocity. This scaling is 

in contrast to the predictions of either particle topping or wave breaking. 
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This is not too surprising considering the high amplitudes required of the 

Langmuir waves before these mechanisms become important. Particle-in-cell 

simulations typically see a reduction in the level of stimulated Raman 

scattering when the ions are mobile[72,73]. In the case of Langmuir waves, the 

mobility of the ions should not affect the saturation induced by either wave 

breaking or particle trapping. These simulations, as well as the experimental 

spectrum shown below would suggest that these mechanisms are probably 

not limiting the amplitude of the Langmuir waves for small values of kXoe-

Both particle trapping and wave breaking are much more likely to 

affect the saturation of Langmuir waves which are driven with large values 

of kA,De- These mechanisms could be responsible for the saturation of 

Langmuir waves driven with kA,oe>0.4 with other mechanisms such as the 

Langmuir decay instability and other secondary decay processes causing 

saturation for smaller values of k^oe* This is in fact consistent with the 

spectrum shown in figure 2.10.3 which shows the Raman spectrum being cut 

off for kX,oe<0.6. This cutoff is usually attributed to Landau damping, 

however, in many cases stimulated Raman scattering remains above the 

convective threshold for large values of k^oe due to the decrease in the 

collisional damping of the scattered electromagnetic wave as the density 

decreases. 

Wave breaking and particle trapping are much more likely in short-

pulse high-intensity experiments because the waves can grow on a time scale 

faster than many of the ion wave saturation mechanisms described above can 

occur. Therefore, the waves are likely to grow to much higher amplitudes 
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than in the long pulse experiments where the growth rate is comparable to 

the growth rate for many of the ion wave saturation mechanisms. There is 

kepwXDe with Te=500 eV 
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Figure 2.10.3 Hux of stimulated Raman scattering driven from a gold solid 

target. This graph was reproduced from a paper by Shepard et al. [55]. The 

bottom horizontal axis represents the wavelength of the scattered light while 

the top horizontal axis represents the corresponding value of kXoe of the 

Raman generated Langmuir wave. This figure shows that the Raman flux 

peaks at an intermediary value of k^oe and then decreases as kA©e decreases. 

evidence that these short-pulse lasers can drive significantly larger reflectivity 

levels of Raman than their long-pulse counterparts with equivalent plasma 

parameters [37,74]. The increased reflectivity would occur even if ion wave 

saturation mechanisms were active due to the significant increase in the 

growth rate for the Raman process resulting from the higher intensity 

interaction beam. An interesting and rather simple experiment or simulation 

would be to see if the spectral saturation of Raman scattering in short-pulse 
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high-intensity experiments actually increased with decreasing values of kA.De 

in contrast with long-pulse experiments but in accordance with the 

assumption that the saturation is due to particle trapping or wave breaking. 

This experiments would best be performed from a solid target experiment in 

which all densities are present. The plasma could be preformed with a long-

pulse laser and then on different shots a high-intensity short-pulse laser and a 

long-pulse laser could be used to drive stimulated Raman scattering and their 

resulting spectrum compared. This would then only require measuring the 

reflectivity at discrete wavelengths of the Raman scattered signal, preferably 

in a solid target experiment where all densities are present. If ion wave 

mechanisms are not contributing to the saturation of stimulated Raman 

scattering, then wave breaking and particle trapping would produce a unique 

spectrum which would be quite different than many of the ion wave 

saturation mechanisms described in the previous sections. 
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Chapter 3 

Electromagnetic decay instability 

3.1 Introduction 

This chapter examines the electromagnetic decay instability(EDI) and its role 

in laser-produced plasmas. The electromagnetic decay instability provides 

another channel through which parametric instabilities involving Langmuir 

waves can saturate. As a specific example, the conditions for which EDI is an 

absolute instability are found for the case where this instability is pumped by 

the Langmuir wave associated with stimulated Raman scattering. In the case 

where EDI is pumped by the Langmuir waves associated with two plasmon 

decay, EDI presents an explanation for coo/2 emission from laser-plasmas 

which is consistent with experimental observations. In addition, the 

scattering of Langmuir waves off of ion acoustic waves near the critical 

surface is shown to provide an enhanced noise source from which stimulated 

Brillouin scattering can grow. This enhanced noise source can then appear as 

an apparent Brillouin signal. 
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Controlling parametric instabilities has been a major focus of the 

inertial confinement fusion community for many years[16]. A key step in this 

process is to understand the saturation mechanisms which limit the 

amplitude of the waves participating in these instabilities. This chapter 

addresses one particular saturation mechanism in which a Langmuir wave 

decays into an electromagnetic wave and an ion acoustic wave. This 

saturation mechanism can directly or indirectly affect every three-wave 

parametric instability present in laser-produced plasmas. 

When one of the daughter waves driven by a particular instability 

becomes large enough, it can become the pump for a secondary decay process. 

As the daughter waves driven by the secondary instability grow, the primary 

instability may saturate if enough energy is removed to pump the secondary 

instability. The secondary instability, therefore, introduces an effective 

"nonlinear" damping into the primary instability [9]. In addition, parametric 

instabilities may saturate due to the frequency shift resulting from the 

coupling to secondary instabilities and also due to the self consistent detuning 

caused by changes to the background density[17,383. 

The electromagnetic decay instability(EDI), which is the subject of this 

chapter, involves the decay of a Langmuir wave into an electromagnetic 

wave and an ion acoustic wave. Because the ion acoustic wave is a low 

frequency wave, the frequency of the electromagnetic daughter wave is very 

close to the frequency of the Langmuir wave pump. This has led to the use of 

EDI as an explanation for electromagnetic emission near the plasma 

frequency observed in laboratory electron beam instability experiments[41], 

type III solar bursts[42,43], and recently in ionospheric heating 
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experiments [44]. The simultaneous evolution of EDI with the decay of the 

Langmuir wave into another Langmuir wave and an ion acoustic wave has 

also been studied[45]. In the case of type in solar bursts, electrons stream from 

the sun during solar flares and excite Langmuir waves via the bump-on-tail 

instability. These Langmuir waves can then undergo a decay into an 

electromagnetic wave and an ion acoustic wave (EDI). EDI then provides one 

of several explanations for the radio emission recorded during type HI solar 

bursts[42]. 

Most of the parametric instabilities present in laser-produced plasmas 

posses daughter Langmuir waves which can drive EDI. In particular, the 

Langmuir waves generated in stimulated Raman scattering, two plasmon 

decay, ion acoustic decay, oscillating two stream instability, and the Langmuir 

decay instability[16,46,75] may all decay through EDI. In the case of stimulated 

Brillouin scattering, EDI may still play a role by creating an enhanced noise 

level from which stimulated Brillouin scattering may grow. 

To be resonant, EDI must satisfy frequency and wavenumber matching 

conditions. The frequency matching condition is given by G>epW

 = ( 0 s + ( 0 i a 

and the wavenumber matching condition by k e p w = k s + k i a , where 

^epw»^epw > ̂ s » ̂ s '•> ̂ ia > ̂ ia a r e the frequency and wavenumber for the 

Langmuir wave, the electromagnetic wave, and the ion acoustic wave 

respectively. The frequency matching condition in conjunction with the 

dispersion relations imply that the wavenumber of the electromagnetic wave 

is much less than that of the Langmuir wavenumber or, more precisely 

epw / where vth is the electron thermal velocity and c is the 

speed of light. 
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The homogeneous growth rate for EDI, as with all parametric 

instabilities,[16] can be calculated by Fourier transforming the fluid equations 

and Maxwell's equations, neglecting non-resonant terms. This procedure 

assumes kinetic effects are not dominant. The homogeneous growth rate 

calculated by this method is [41] 

if*--- ^ 
EDI 4 

*epw 
^ n o e ) 

GO Pi 

( 1 + k ?a4e) 
ia 

LepwJ 

co, epw (eA-e e pw) (3.1.1) 

VkiacsV^s" 

where ©pi, ©epw/ <^s are the ion plasma frequency, the Langmuir wave 

frequency and the scattered light wave frequency respectively; cs and Xr>e are 

the sound speed and the electron Debye length; nepw/^oe is the amplitude of 

the Langmuir wave pump; and (eA'^epw) i s t n e clot product of the electric 

field vectors for the Langmuir wave and the scattered light wave. The growth 

rate is maximum when the electric fields of the Langmuir wave and the 

electromagnetic wave are aligned. This corresponds to direct sidescatter of the 

electromagnetic wave in a plane perpendicular to the propagation direction of 

the Langmuir wave. 

The following sections discuss some specific cases where EDI can be 

driven in laser produced plasmas. Section 3.2 discusses the effects of EDI 

when it is driven by two plasmon decay and compares this to previous 

experimental observations. Section 3.3 examines the scattering version of EDI 

at the critical surface and its consequences for stimulated Brillouin scattering, 

as well as the ion acoustic decay instability. In section 3.4, the conditions in 
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which EDI can be an absolute instability when driven by the Langmuir wave 

associated with stimulated Raman scattering are found. 

3.2 Electromagnetic decay instability from two 
plasmon decay 

EDI can be pumped by the Langmuir waves associated with two 

plasmon decay, a parametric instability involving the decay of an incident 

electromagnetic wave into two Langmuir waves. Since the frequency of these 

two Langmuir waves is approximately half the laser frequency, radiation 

scattered at odd half-harmonics of the laser has been attributed to two 

plasmon decay. Because EDI involves the decay of a Langmuir wave into an 

electromagnetic wave and an ion acoustic wave, it provides a potential 

explanation for the electromagnetic emission near half the laser frequency 

observed in laser-plasma experiments. 

Figure 3.2.1 shows a typical spectrum of light near half the laser 

harmonic. This spectrum has been reproduced from Seka et al.[76] with 

permission of the first author Wolf Seka. The spectrum shows two broad 

peaks(— «0.02)[76,77] which are red(c) and blue(b) shifted from half the 
co 

laser frequency and one narrow peak(— = 0.004)[76,77] which is red(a) 
CO 

shifted by approximately half the amount of the broad red peak(c). This 

narrow feature(a) has been attributed to the high frequency mixed 

polarization instability,[76,77] whose theory has been developed by Afeyan[78]. 

The frequency shifts of the two Langmuir waves associated with two 

plasmon decay can be calculated from the dispersion relation. When plasma 
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flow is included in the calculation and assumed to be antiparallel to the 

incident pump wavenumber, the plasma waves etre up and down shifted 

from half the laser frequency by[79] Aco = ± '£ ' XLJ" epw -"'o _ 1 , 
k f t " 2 k ° 

\ 3V3 v 2 
th - u f 

where k e p w is the wavenumber of the blue plasmon, k 0 is the wavenumber 

of the incident wavenumber, v ^ is the thermal electron velocity, and Uf is 

the flow velocity of the plasma. 
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Figure 3.2.1 Plot of the o>o/2 emission observed from a solid target 

experiment. The vertical axis shows the relative emission while the 

horizontal axis shows the wavelength of the scattered light. This graph has 

been reprinted with permission of Wolf Seka. 

Two explanations have appeared in the literature for the broad features 

shown in figure 3.2.1[76,77,80]. The first explanation involves Thomson 

scattering of the incident laser off of the electron plasma waves associated 
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with two plasmon decay. The red shifted peak has been attributed to 

Thomson scattering of the incident laser from the blue shifted plasmons 

associated with two plasmon decay, while the blue shifted peak has been 

attributed to Thomson scattering of reflected light from the critical surface off 

of the red plasmons associated with two plasmon decay. The second 

explanation involves the inverse resonance absorption of the Langmuir 

waves associated with two plasmon decay. In inverse resonance 

absorption,[81,82] the electric field of a Langmuir wave, at its turning point, 

tunnels up the density gradient where some fraction of its energy excites 

electric and magnetic fields at the critical surface. These fields travel down the 

density gradient and drive an electromagnetic wave at its turning point 

which then leaves the plasma. Recently a third explanation has been used to 

describe this electromagnetic emission[59]. This explanation involves the 

unstimulated coupling of Langmuir waves and ion acoustic waves to drive 

electromagnetic waves and is the scattering analog of EDI. 

The collisional damping on the Langmuir waves limit how far the 

waves can travel and still retain a significant amount of their energy. 

Therefore, any explanation for the electromagnetic emission which requires 

propagation of the Langmuir waves must consider their subsequent damping. 

The collisional damping of the Langmuir wave's energy as it travels up the 

density gradient to its turning point can be estimated using the WKB 

' 2 k e p w ^ D e u e i L i-i 
*-epvr J 

, where \>P1- is method[16] to be approximately exp 
v t h 

the electron-ion collision frequency and k y is the Langmuir wavenumber 

perpendicular to the density gradient. For the experiments discussed in this 

chapter,[76,77,83,84] a Langmuir wave driven at an angle of 10 degrees to the 
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density gradient would retain less than 6 percent of its energy when it reaches 

its turning point. 

There are several problems with the Thomson scattering explanation 

of G>O/2 emission from plasmas. Electromagnetic emission near 3©o/2 has 

been measured simultaneously with the o>o/2 emission and both of these 

features have been attributed to Thomson scattering of the pump beam off of 

the Langmuir waves associated with two plasmon decay. The 3co 0/2 features 

would correspond to Thomson upscattering, while the G)o/2 features would 

correspond to the Thomson downscattering. As shown in figure 3.2.2, the 

CDo/2 feature, which is damped more than the 3a>o/2 feature, can contain 

nearly four orders of magnitude more energy than the 3o>o/2 feature. Figure 

3.2.2 has also been reprinted from Seka et al. [76]. Using the models developed 

in section 3.3 and 4.3[7,80,85], the ratio of intensities of the Thomson 

downscattering process, I i / 2 , to the Thomson upscattering process, I3/2, 

which is responsible for the 3a>o/2 features, is the smaller 

of{IV2/l3/2 = 0-33k 3 / 2k^ 2 , I 1 / 2 / I 3 / 2 = 28(fi)-1rn

1c) a i 3(L2 K\/2) ' (*r' 3 / 2 *r'i}2)}, 

which for kepw^De<0.1 is less than approximately 330. The relative 

magnitudes between the 3co 0/2 features and the coo/2 features is then 

inconsistent with the interpretation that the G>o/2 feature is the result of 

Thomson scattering. 

One apparent solution to the difference in magnitude of the 3o>o/2 and 

co 0 /2 features would be to assume that the 30) o /2 feature resulted from 

Thomson scattering, while the C0o/2 feature was the result of stimulated 

Raman scattering. Specifically, if the Langmuir waves associated with two 
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plasmon decay became resonant with stimulated Raman scattering, through 

refraction or scattering, they could be amplified, resulting in a much higher 
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Figure 3.2.2 Plot of the absolute magnitude of 3o&0/2 emission and co 0 /2 

emission as a function of incident laser intensity. The left vertical axis shows 

the absolute 3a> 0/2 emission and the right vertical axis shows the absolute 

C0O/2 emission while the horizontal axis shows the intensity of the incident 

laser. This graph has been reprinted with permission of Wolf Seka. 

emission of (a0/2 light than 3a> 0/2 light. One of the problems with this 

explanation can be seen in the spectrum shown in figure 3.2.1. The (Do/2 

emission consists of two broad peaks which are red(c) and blue(b) shifted from 

the laser. Although the red peak(c) could be amplified by stimulated Raman 

scattering, the blue peak(b), as discussed in chapter 2, could not. The resulting 

spectrum should then only show the red peak(c) due to the limited dynamic 

range of the streak camera. Figure 3.2.1 shows that the broad blue peak(b) 
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contains in fact approximately twice the energy as the broad red peak(c). The 

similarity in magnitude of the two broad features precludes stimulated 

Raman scattering as the explanation for the two broad peaks observed in the 

experiments. 

The second explanation of the coo/2 feature, which appears in the 

literature, is the conversion of Langmuir energy into electromagnetic energy 

by inverse resonance absorption. The conversion efficiency for inverse 

resonance absorption is expressed in terms of the parameter 
fow,LY>-67 

q = 
Jepw J 

V c J 

X sin 8 , where coepw is the Langmuir wave frequency and the 

electromagnetic wave frequency, L is the density scalelength, c is the speed of 

light, and 6 is the angle between the density gradient and the converted 

electromagnetic wavenumber at the plasma vacuum boundary [16,81,82]. For 

the process to be greater than one percent efficient, the parameter q must be 

less than approximately 2.5 which limits the perpendicular wavenumber to 

* > - % * 

( T ^ 
<°epwL 

-0.33 
r-0>r < 0.115k 0 , where k 0 « V3 —Hi is the wavenumber 

c 

of the incident laser at the quarter critical surface. The perpendicular 

component of the Langmuir wave can be related to the electromagnetic wave 
f r v 0 .33 

. This 
CO CO 

angle through the relation k = e p w sin9 = ——— ̂ [q 
y c c 

epw 

V 

shows that a Langmuir wave with a perpendicular component of its 

wavenumber greater than the Langmuir wave frequency divided by the speed 

of light cannot undergo inverse resonance absorption because the required 

electromagnetic wave would not be a normal mode of the plasma. 
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Figure 3.2.3 Schematic representation of inverse resonance absorption in an 

inhomogeneous plasma. The electric field then tunnels up the density 

gradient and back, driving a Langmuir wave and an electromagnetic wave 

which have the same perpendicular component to their wavenumber as the 

original Langmuir wave. 

Because of the restrictions on the perpendicular component of the 

wavenumber, the phase space of plasmons available for efficient conversion 

into electromagnetic radiation is very small. Even with considerable 

scattering of the Langmuir waves, only those plasmons traveling up the 

density gradient with the specified perpendicular component of their 

wavenumber would undergo appreciable conversion into electromagnetic 

waves. Likewise, most of their energy would be lost before they reached their 

critical surface. Without significant perturbations to the background density, 
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inverse resonance absorption does not present itself as a likely candidate to 

explain the emission observed in experiments[76/77]. 

There are several ways in which the background density could be 

perturbed to increase the amount of inverse resonance absorption. If two 

plasmon decay occurs in laser hotspots, then the hotspots could provide a 

broader angular range for the density gradient[76,86]. The ponderomotive 

force of the laser hotspot would cause a density cavity in which the two 

plasmon decay Langmuir waves could become trapped. These waves could 

then undergo inverse resonance absorption on the walls of the cavity. 

Assuming a simple pressure balance in a homogeneous plasma, the hotspot 

intensity divided by the average intensity, a, required to trap a Langmuir 

wave is 

a = l+-—- - — 
lav v ^ > 

(3.2.1) 

where KTenoe is the plasma pressure and I a v is the average pump intensity, 

a would have a value of 4 assuming kePw^De=0-2, I a v=8xl0 1 4 W/cm 2 , T e =l 

keV, and no e=2.25xl0 2 1 cm*3. The reduced local scalelength inside the cavity 

increases the range of angles for efficient resonance absorption. 

Inverse resonance absorption can also occur due to changes in the 

background density caused by ion acoustic waves. Large amplitude ion 

acoustic waves can cause the local electron density to become overdense to 

the Langmuir waves. These Langmuir waves can then undergo inverse 

resonance absorption on the ion acoustic wave itself. This eliminates the 

need for the Langmuir waves to travel large distances, and the need for the 
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red plasmons to undergo decay or be scattered up the density gradient. The 

amplitude of the ion acoustic waves, n i a / n o i , must be greater than 

3(kepwA,De)^- Therefore, it is less likely that this process can be used to convert 

Langmuir waves with large kepwVDe/ however, ion acoustic waves with 

amplitudes of 25% have been reported near the quarter critical surface in CO2 

experiments[17]. This process could even take place in an overall 

homogeneous plasma, relying only on the local density gradients resulting 

from the ion fluctuations. In this process, the "local" scalelength is replaced by 

the wavelength of the ion acoustic fluctuation which leads to a much larger 

angular range since q, which must be less than 2.5 for efficient conversion, is 

proportional to L 2 A In the case of conversion on ion acoustic waves, much of 

the electric field will tunnel through the ion wave converting a small 

percentage of the Langmuir wave energy into electromagnetic waves on 

either side of the density fluctuation. 

Both hotspots and large level ion waves provide a means whereby a 

larger spectrum of Langmuir waves can undergo inverse resonance 

absorption. The resulting electromagnetic waves will be approximately 

symmetrically displaced about half the frequency of the incident laser. The 

spectrum shown in figure 3.2.1, however, shows a slight red shift of the 

spectrum about half the laser frequency which is not predicted by inverse 

resonance absorption. 

It has been shown that electromagnetic emission near ©0/2 can result 

from inverse plasmon-phonon decay which is the coupling of Langmuir 

waves and ion acoustic waves which then radiate electromagnetic waves[59]. 

However, this scattering process requires the ion wave amplitudes to be 
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much larger than thermal levels to explain the signals observed. These 

experiments indicated that nearly twenty five percent of the energy contained 

in the hot electrons attributed to the Langmuir waves was converted into 

electromagnetic emission near oo 0/2. The ion acoustic wavenumbers must 

also be approximately the same magnitude and direction as the Langmuir 

wave it is scattering from. Therefore, relying on this scattering process 

requires that the appropriate ion waves be part of the ion acoustic spectra 

generated by the coupling, decay, or collapse of the two plasmon decay and 

stimulated Raman scattering Langmuir waves [59]. EDI can lead to much 

stronger emission and greatly enhanced ion waves when compared to 

scattering. 

As a result of EDI, the Langmuir waves generated by two plasmon 

decay can produce electromagnetic emission near o>o/2. In the subsequent 

decay of these Langmuir waves into electromagnetic waves and ion acoustic 

waves, the scattered light frequencies of the secondary daughter waves, 

assuming the contribution from inhomogeneity is ignorable, would be 

G>sblue=-^- + 
' k epw ' kp 1, 

V 

sVsvg^ - c s k e p w l + ^ a n d 0-"> 

<°sred 
_ C 0 0 kepw ' kp 1, 

v k 0 2 * \ 
v ° J 

th 3V3 v: 
-c, 5k epw2 

u f k 0 (3.2.3) 

where Q)sbiue * s t n e scattered light frequency resulting from the blue plasmon 

and co s r e (j is the scattered light frequency produced by the red plasmon. 

Equations 3.2.2 and 3.2.3 show that EDI does allow for an overall red shift of 
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the ©o/2 spectrum. The maximum energy transferred to electromagnetic 

emission is limited by the total energy contained in the Langmuir waves 

associated with two plasmon decay. Previous experiments have inferred from 

the measured x-ray emission that approximately 10"4 of the laser energy is 

contained in hot electrons attributed to two plasmon decay[83,84]. These 

experiments found a close correlation between the relative levels of hot 

electrons and scattered 3coo/2 emission observed allowing them to conclude 

that the electrons resulted from two plasmon decay. In similar experiments 

5xl0"6 of the laser energy was found in coo/2 emission[76]. When the damping 

of the C0o/2 emission is accounted for, the energy contained in the GOO/2 light 

represents approximately 25% of the energy observed in the hot electrons. 

This illustrates that there is enough energy contained in the Langmuir waves 

themselves to explain the level of ©o/2 emission seen in experiments. It is 

also interesting to note that stimulated Brillouin scattering, which shares the 

same daughter waves as EDI, typically has reflectivity levels close to that 

inferred from the experiments described above. As an instability, EDI 

amplifies both the ion acoustic waves and the electromagnetic waves from 

which it grows. Therefore, unlike inverse plasmon-phonon decay, EDI does 

not require other processes to enhance and broaden the ion acoustic wave 

spectrum. 

3.3 Seeding of stimulated Brillouin scattering 
and saturation of the ion acoustic decay 
instability 
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Stimulated Brillouin scattering, which is an instability in which an 

electromagnetic wave drives a scattered electromagnetic wave and an ion 

acoustic wave, can be seeded by nonthermal electromagnetic waves generated 

near the critical surface. Near the critical surface of the plasma, the incident 

laser can excite the ion acoustic decay instability. The ion acoustic decay 

instability, also known as plasmon-phonon decay, is a parametric instability 

in which an incident electromagnetic wave decays into a Langmuir wave and 

an ion acoustic wave. This coupling process is illustrated in figure 3.3.1. The 

Langmuir wave and ion acoustic wave spectra resulting from the ion acoustic 

decay instability can then couple together generating a transverse current. 

This current drives an electromagnetic wave close to the frequency of the 

laser (which initially excited the ion acoustic decay instability). This coupling 

process generates electromagnetic waves which can be many orders of 

magnitude above thermal level. These electromagnetic waves, wherever they 

are locally resonant, provide an enhanced noise source from which 

stimulated Brillouin scattering can grow. This can be much larger than the 

electromagnetic noise source from which stimulated Brillouin scattering 

grows, which is set by Thomson scattering of the pump from thermal ion 

waves. This process can also give the appearance of an enhanced level of 

stimulated Brillouin scattering. 

A model can be constructed which shows the electromagnetic wave 

amplitude, near its turning point, produced by the scattering of a Langmuir 

wave from an ion acoustic wave[7,85]. The electromagnetic wave is driven 
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Figure 3.3.1 Wavevector diagram showing the coupling process which leads 

to electromagnetic emission near the plasma frequency. The two wavevector 

diagrams in the center represent two possible decay triangles belonging to the 

ion acoustic decay instability. The ion acoustic wave from one of these decay 

triangles can couple to the Langmuir wave of the second decay triangle and 

drive an electromagnetic wave close to the Langmuir wave frequency. 

due to the transverse current formed by the coupling of a Langmuir wave and 

an ion acoustic wave which is given by 

^ 2 

at 2+©pe 1 + -
od 2 ^ 

-nj dx2 

qA: SC -CO, 

m e c 
2 ^ 
pe ia 

n oe 

f \ 
w e p W n e p W 

^ck e p W nog j 
(3.3.1) 

where nepw/noe a n c * n i a / n o e a r e ^ i e pump Langmuir wave amplitude and 

the ion acoustic amplitude, respectively and Asc is the vector potential of the 

scattered light wave. The pump Langmuir wave and ion acoustic wave 

a m p l i t u d e s a re a s s u m e d to be of the form 

— S L = — *Fa(x)exp i ( fk a -dx-o) a t j +c.c. The scattered vector potential is 

QA 1 assumed to be of the form -*—§j =—¥s(x)exp[-i(Dst] + c.c.. The steady state 
m e c 

2 2 

form of equation 3.3.1 can be written as 
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'«* £&*̂  
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where the wavenumber mismatch of the pump Langmuir wave and the ion 
acoustic wave has been Taylor expanded, lk i a (x)+k w(x))-dx«K-'x, about 

the perfect phase matching point. Equation 3.3.2 was solved numerically as 

shown in Appendix 3.1. The resultant scattered vector potential, at the perfect 

phase matching point, is 

¥ s (x ) = 3.3 
2 

^pe^epw 
2 c k epw r edi 

—fa ¥• ) co\ 
N-0.45 

pe 
c*LnK ,1.5 

edij 

(3.3.3) 

The scattered vector potential, at the plasma-vacuum interface, is 
/ i r l / 6 

approximately 0.851 o L n c I times the scattered vector potential, at the 

turning point shown in equation 3.3.3. 

The scattered vector potential resulting from Thomson scattering of 

the pump beam from thermal ion acoustic waves can be calculated as shown 

in section 5.3, assuming a linear phase mismatch. This calculation yields a 

scattered vector potential, at the turning point, of 

hP V2~7T CO 
S*-'Thomson F Thomson 

4C z k, 
2 rollMalthenna!* 

(3.3.4) 

sc 

The ratio of the intensities is then equal to 
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where e ^ ^ is the energy gain experienced by the ion acoustic waves 

participating in the ion acoustic decay instability. The scattered vector 

potential produced by the coupling of Langmuir waves and ion acoustic 

waves driven by the ion acoustic decay instability can be several orders of 

magnitude greater than the vector potential produced by Thomson scattering 

of the pump off of thermal level ion acoustic waves. 

3.4 Electromagnetic decay instability from 
stimulated Raman scattering 

There are several circumstances where EDI can be an absolute 

instability. When parametric instabilities are driven by a spatially localized 

pump, they can be driven absolute even with a linear wavevector 

mismatch[28,87]. Therefore, EDI is expected to be an absolute instability when 

its pump Langmuir wave is sufficiently localized in space. In the case of 

stimulated Raman backscattering driven near the quarter critical surface or on 

top of a parabolic profile, the daughter waves will be spatially localized[78]. In 
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particular, when stimulated Raman backscattering is driven at the apex of a 

parabolic profile, the Langmuir wave is localized over a region 

lr~ 
f Mr - 2 

C 
L2 3 G>, pe 

CO, 

( „ \ 

o J v«W (3.4.1) 

where L2 is the plasma scalelength(n o e o=nll-x /l3A), X0 is the vacuum 

w a v e l e n g t h of t h e p u m p a n d 
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which the Raman daughter waves are localized is then independent of the 

Raman growth rate provided the instability is not close to the quarter critical 

surface where equation 3.4.1 is no longer valid. For EDI to be absolute due to a 

localized pump, its growth rate must be sufficiently large to satisfy the 

condition ^ - V l f < K'1YIC <V8e~,[28,87] where xr'=— ( k ^ - k . - k ^ ) , 

*c = V^sVion I Yc a n c * ly 1S m e localization distance given in equation 3.4.1. 

For L2=700Xo, T e =l keV, C0pe/ooo=0.3, kepw^De=0-2/ the Langmuir wave 

amplitude must be greater than approximately 2% for absolute instability to 

ensue, neglecting damping. This is illustrated below in figure 3.4.1. The 

program describe in section 2.3 and Appendix 2.4 was used to look at the 

absolute instability condition shown above. In these figures, the daughter 

waves were given the same magnitude but opposite group velocities. The 

Rosenbluth gain was set to YO 2 / (K'VIV2)=1.0 in figures 3.4.1 a-d. Figure 3.4.1 a 

represents the case where the pump is uniform over space, ly/lc=°°. The 
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daughter wave amplitude is shown to saturate at an amplitude of 

approximately 9.0 with the wave convecting out at the group velocity. Figure 

3.4.1 b represents the case in which the pump is localized but not yet meeting 

the condition for absolute instability with ly/l c=6.67. In this case the 

amplitude saturates at a value of approximately 11.0 with the daughter wave 

traveling to the right at the group velocity. In figure 3.4.1 c, the condition for 
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Figure 3.4.1 Finite spatial pump effects on the absolute and convective nature 

of parametric instabilities. The vertical axes in all graphs represent the 

relative amplitude while the horizontal axis represents position. Each graph 

shows the daughter wave amplitude at three different times with the 

parameter YO 2 / (K 'VIV2)=1.0 in figures 3.4.1 a-d. Figure 3.4.1 a represents the 
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case where the pump is uniform over space, ly/lc=°°. Figure 3.4.1 b represents 

the case in which the pump is localized but not yet meeting the condition for 

absolute instability with ly/lc=6.67. In figure 3.4.1 c, the condition for absolute 

instability is met with ly/lc=0.67. In figure 3.4.1 d, the pump is too localized for 

absolute instability to ensue with ly/ l c =0.40. 

absolute instability is met with ly/l c=0.67. The daughter wave does not 

saturate due to plasma inhomogeneities and continues to grow in time at a 

growth rate which is approximately 0.3 times the homogeneous growth rate. 

In figure 3.4.1 d, the pump is too localized for absolute instability to ensue 

with ly/lc =0.40. 

EDI can also become absolute when its daughter electromagnetic wave 

travels in a perpendicular direction to the density gradient. Figure 3.4.2 

illustrates this geometry in the case of stimulated Raman backscattering, 

where the pump wave for the secondary process is a Langmuir wave 

traveling along the density gradient. The daughter waves are then an 

electromagnetic wave perpendicular to the density gradient and an ion 

acoustic wave which is nearly aligned with the density gradient. EDI is only 

driven over the distance, perpendicular to the density gradient, in which the 

Langmuir pump wave is coherent, Lcoh- EDI grows for the transit time, 

tcoh=Lcoh/vgs, of the electromagnetic wave across this coherence length. 

Therefore, the maximum energy amplification of the daughter 

electromagnetic wave is e Y ° t c o i l , where y 0 is the homogeneous growth rate 

given in equation 3.1.1. Assuming a 1 keV plasma with a 0.351 urn pump, a 

Langmuir wave with an amplitude of nepw/noe=0-05 driven at ten percent of 



CHAPTER 3. ELECTROMAGNETIC DECAY INSTABILITY 95 

the critical density would require a perpendicular coherence length of nearly 

60 um to amplify the daughter electromagnetic wave by e*%. 

Primary Raman 

Vnoe 

i 
A A 

••^epw I -l^ 
k i 0 n ' ~ e p w 

Secondary EDI 
Lscatt 

Figure 3.4.2 Schematic representation of absolute electromagnetic decay 

driven by stimulated Raman scattering. Assuming the laser is incident along 

the density gradient, stimulated Raman backscatter produces Langmuir waves 

which also travel in the direction of the density gradient. These Langmuir 

waves can then decay into a scattered light wave traveling perpendicular to 

the density gradient causing the instability to be absolute in the direction of 

the density gradient. 

Instabilities can also grow absolutely due to reflections coupling energy 

from the daughter waves back into the interaction region[29]. This is easily 

achievable by the same mechanism discussed in section 3.2 regarding 

hotspots. For hotspot intensities slightly above the average intensity of the 

laser(Ihot/Iav<4), the electromagnetic waves formed by the electromagnetic 

decay instability can become trapped in the density cavern formed by the 

hotspot. This scenario, therefore, allows the scattered electromagnetic wave to 
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couple back to the interaction region driving the instability absolute. This 

process also does not require the electromagnetic decay instability to be above 

the homogeneous threshold for absolute instability. 

3.5 Summary 

The most compelling evidence that the electromagnetic decay 

instability(EDI) occurs in laser-produced plasmas comes from co 0/2 emission 

observed in experiments. This emission has been shown above to be 

inconsistent with previous interpretations involving Thomson scattering. 

The observed ratio of <»o/2 emission to 3ooo/2 emission implies that 

Thomson scattering is not responsible for the measured value of c o 0 / 2 

emission. Also it was shown that the broad red shifted feature could not be 

explained as a resonant scattering process of the incident laser from the blue 

plasmons even with refraction. Because the red and blue peaks are within a 

factor of two in energy, it is unlikely that Thomson scattering could explain 

the observed features. It was also shown that the phase space of blue 

plasmons capable of undergoing greater than one percent inverse resonance 

absorption was very small. Additionally these waves would lose a significant 

amount of their energy due to collisional damping as they traveled to their 

turning point. Inverse resonance absorption, therefore, requires hotspots or 

large level ion waves to convert a larger phase space of Langmuir waves into 

electromagnetic emission. The observed G>O/2 spectra shows a slight red shift 

which is not predicted by inverse resonance absorption. Nonetheless, 

experiments measuring hot electrons have shown that enough energy is 
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contained in the two plasmon decay daughter waves to account for the o&o/2 

emission. By using EDI to explain a>o/2 emission, the relative levels of 3coo/2 

emission and Q)o/2 emission and the amount of energy found in the coo/2 

feature can be accounted for. EDI also allows for a slight red shifting of the 

spectrum which can be seen in figure 3.2.1. 

Near the critical surface, Langmuir waves and ion acoustic waves can 

generate transverse currents which drive electromagnetic waves close to the 

frequency of the incident laser. A model was constructed which shows the 

ratio of the vector potential resulting from the coupling between Langmuir 

and ion acoustic waves driven by the ion acoustic decay instability relative to 

the vector potential driven by Thomson scattering of the incident pump from 

thermal level ion acoustic waves. These electromagnetic waves can be several 

orders of magnitude higher than Thomson scattering from thermal levels. 

They can, therefore, provide an enhanced noise source from which 

stimulated Brillouin scattering can grow. 

The conditions under which EDI could be driven absolute were 

investigated. EDI can be driven absolute when its daughter electromagnetic 

wave is driven perpendicular to the density gradient. EDI can also be driven 

absolute when the pump Langmuir wave is sufficiently localized. For the case 

of a Raman generated Langmuir wave, these conditions were obtained from 

previous calculations of the Langmuir wave localization distance[78] and the 

general condition for absolute instability given a localized pump[28,87]. EDI 

can also be driven absolute due to the coupling of the daughter wave energy 

back into the interaction region. If the Raman process is being driven 

primarily by hotspots in the laser, then for very small hotspot intensities, the 
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daughter electromagnetic wave can be trapped in the resultant density cavern 

and consequently couple back into the interaction region driving the 

instability absolute. 

3.6 Future Work 

I proposed an experiment to Los Alamos to study Langmuir wave 

saturation by observing the electromagnetic emission from Langmuir waves. 

I delayed working on this experiment, however, in the interest of finishing 

my dissertation. In the proposed experiment, stimulated Raman 

scartering(SRS) was to be used to generate the Langmuir plasma waves to be 

studied. In Stimulated Raman Scattering an incident electromagnetic wave 

decays into an electron plasma wave and a scattered electromagnetic wave. 

Stimulated Raman Scattering can occur below the quarter critical surface 

defined by the pump electromagnetic wave. Because this electromagnetic 

radiation is near the plasma frequency, SRS must be driven with 350 nm light 

so that the scattered light can be detected with an S-l streak camera. The 

electromagnetic emission from SRS produced Langmuir waves would range 

from 700 nm to approximately 1600 nm. With an S-l streak camera, the range 

from 700 nm to approximately 1100 nm, corresponding to stimulated Raman 

emission from the quarter critical surface down to the tenth critical surface, 

would be detectable. 

In the experiment, I proposed to vary the transverse scalelength to 

observe the effect this had on the level of stimulated Raman backscattering 

which has not yet been reported in the literature. According to linear theory, 
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the transverse scalelength should not affect stimulated Raman backscatter, 

assuming the backscatter is along the primary density gradient, however, it 

could greatly affect secondary instabilities such as the electromagnetic decay 

instability thereby changing the reflectivity of stimulated Raman backscatter. 

Likewise, different random phase plates on the interaction beam would affect 

the hotspot statistics which should effect the electromagnetic decay instability 

if it is being driven absolute from coupling of the daughter electromagnetic 

wave back into the interaction region due to trapping caused by the 

ponderomotive force associated with the hotspot. 
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Chapter 4 

Thomson Scattering 

4.1 Introduction 

Thomson scattering is the primary diagnostic used in the experiments 

described in the following chapters. This chapter, therefore, presents a review 

of the theory of Thomson scattering and later discusses the plasma 

parameters which can, in principle, be obtained through the use of this 

diagnostic. However, there are limitations due to plasma inhomogeneities 

which will be discussed in section 4.2. The information given in this chapter 

is drawn from a number of reviews on Thomson scattering[88-93]. Some of 

the longer derivations are placed in Appendices. In the following discussion, 

it will be assumed that there are no zero-order external magnetic fields. 

Thomson scattering from plasmas involves the scattering of incident 

photons by electrons and ions present in the plasma. An incident 

electromagnetic wave accelerates electrons and ions in the plasma which in 
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turn emit radiation that is Doppler shifted due to the thermal velocities of the 

electrons and ions participating in the scattering process. Because the mass to 

charge ratio of the electrons is much less than the ions present in the plasma, 

their acceleration is greater than that of the ions by the ratio Mi/Zm e (> 1837). 

Consequently the amplitude of the scattered electromagnetic wave resulting 

from the electrons is greater than the radiation scattered by the ions by this 

same ratio, M.i/Zxne. The radiation emitted by the plasma particles is 

incoherent when they are uncorrected, however, when the electrons 

participate in collective oscillations in the plasma, they are correlated and the 

radiation emitted from the electrons participating in the collective oscillation 

adds coherently. Therefore, the scattered spectrum contains an incoherent 

component, as well as coherent peaks representing the electrostatic normal 

modes present in the plasma. These electrostatic normal modes are the 

Langmuir waves and ion acoustic waves present in the plasma. The ions do 

play an important role in determining the shape of the scattered spectrum 

due to the plasma's quasi-neutrality. The electrons shield the ions and hence 

the coherent scattering observed from ion waves comes from the electrons 

which are helping to shield the ions. When the wavelength of the ion wave 

becomes less than the shielding distance, the electron Debye radius, the 

electrons cannot completely shield the ion charge and hence the Thomson 

scattering signal from these waves is reduced. This effect would be most 

apparent in the stimulated Brillouin scattering where the exponential gain is 

reduced due to the incomplete shielding of the electrons. 

Thomson scattering was used in the experiments performed for this 

dissertation primarily to observe the Langmuir wave spectrum driven by 
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parametric instabilities. The next section discusses the calculation of the 

expected Thomson scattering spectra from thermal level waves in a 

homogeneous plasma and presents calculated spectra from two of the ion-

species plasmas used in these experiments. This section also reviews the 

characteristics of the Thomson scattered spectrum which are used to 

determine various plasma parameters and discusses the ambiguities which 

inhomogeneities introduce in the interpretation of the Thomson scattered 

spectra. The final section addresses the issue of Thomson scattering from 

electrostatic waves in inhomogeneous plasmas and the effect these 

inhomogeneities have on the Thomson scattered spectrum. 

4.2 Thomson Scattering in Homogeneous 
Plasmas 

The calculation of the Thomson scattered shape factor is shown in 

appendix 4.2. This calculation treats each individual particle in the plasma as 

a test particle and calculates the electric field generated by the remaining 

particles which are shielding the test particle. The sum of the electric fields 

representing the shielding of each of the test particles, along with the electric 

field of the test particle electrons themselves, represent the electric field 

present in the plasma due to the thermal level density fluctuations. The 

spectral density fluctuations are then found simply by integrating the first-

order distribution function using the total electric field calculated from the 

test-particle approach. The scattered form factor obtained in this appendix is 

given by 



CHAPTER 4. THOMSON SCATTERING 104 

lit 
^ i n j c 

1 Ze(<»&) 
(co,k) fto(«»/k) + 

-gefo/k) 
?((*>, k ) 

Xz^W 
a 

(4.2.1) 

where e(a>,k) = l+£ e(o>,k) + X ^ i a ^ ^ ) -
a 

The experiments performed for this dissertation involved primarily 

CH and Collodium plasmas. The CH plasmas had equal parts of Carbon and 

Hydrogen while the Collodium plasmas had 23.1% Carbon, 30.8% Hydrogen, 

36.5% Oxygen, and 9.6% Nitrogen. Figure 4.2.1 shows the scattering form 
factor, s(k,G)j, for a CH plasma assuming kA,De=0.1. The two peaks represent 

the scattering from ion acoustic waves present in the plasma. This figure 

shows how the Thomson scattering shape factor changes as the ratio of the 

ion to electron temperature changes. 

Thomson scattering from electrostatic waves obeys the frequency and 

wavenumber matching conditions [88], 

a, scatt = <Brir±6>ia and 'pr la (4.2.2) 

= k +k-vscatt — **pr (4.2.3) 

where G)scatt(kscatt)/ <»pr(kpr), coia(kia) are the frequency(wavenumber) of the 

Thomson scattered wave, the probe beam, and the electrostatic wave 

respectively. These matching conditions are required for the waves to stay in 

phase with each other so that they may interact over a greater distance. In the 

case of ion acoustic waves, the ion acoustic frequency is much less than the 
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Figure 4.2.1 Thomson scattering form factor for a 50:50 CH plasma at various 

values of Ti/Te- Figure 4.2.1a-d show the form factor at four different values 

of the ratio of the ion temperature to the electron temperature. In all four 

cases, the wavenumber multiplied by the electron Debye length is fixed at 

k^De=0-l and the ions are assumed to be fully stripped. The vertical axis 

represents the amplitude of the scattered form factor, while the horizontal 

axis shows the form factor as a function of frequency. In all four cases the 

peaks are separated by twice the ion wave frequency which is approximately 

0.002 0)pe. 

frequency of the electromagnetic waves and consequently the wavenumbers 

of the electromagnetic waves are approximately the same magnitude. 

Therefore, in an experiment the wavenumber of the ion acoustic waves, kia, 
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being probed is determined primarily by the geometry of the Thomson 

scattering experiment[88], 

M = 2|k Pr|sin|, (4.2.4) 

where kpr is the wavenumber of the Thomson probe beam and 6 is the angle 

between the Thomson probe beam and the scattered electromagnetic wave. 

The frequency separation between the scattered peaks is twice the ion 

wave frequency. This is proportional to the square root of the electron 

temperature, Te, provided k i a ^ D e « l a n ( i m a y t>e expressed as 

°>sep = a(Ti)^m^/ (4.2.5) 

where a(Ti) is a function of the ion temperature which must be calculated 
numerically from the scattering form factor, s(k,tf)J, of the plasma. The 

relationship between the parameters of equation 4.2.5 is demonstrated in 

figure 4.2.2 which shows the peaks of the Thomson scattered form factor. As 

the parameter kiaA.De is changed from 0.1 in 4.2.2a to 0.2 in 4.2.2b, the 

separation between the peaks doubles accordingly. The behavior of the 

separation as a function of T i / T e remains unchanged, however, as stated in 

equation 4.2.5. The separation between the peaks is the primary feature which 

is used to determine the electron plasma temperature, T e . The frequency of 

the Thomson scattered peak yields the ion wave frequency while the 

geometry of the experiment is used to determine the magnitude of kia, the 

wavenumber of the ion wave. The numerical solution of the Thomson shape 
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factor is then used to infer the electron temperature. The primary source of 

uncertainty in the electron temperature is due to the unknown ion 

temperature which changes the separation between the peaks depending on 

its value relative to the electron temperature as shown in figure 4.2.2 a and b. 
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Figure 4.2.2 Dependence of the shape factor on the ratio of ion to electron 

temperature for a CH plasma. Figure 4.2.2a shows the maximum of the 

scattered peaks present in the form factor as a function of the ratio of the ion 

temperature to electron temperature with kXDe=0.1. Figure 4.2.2b again shows 

the maximum of the scattered peaks present in the form factor with kA,De=0.2 

in this case. 

Several of the attributes which are used to determine plasma 

parameters are shown in figure 4.2.3. Figure 4.2.3a shows the relative 

damping of the least damped ion wave mode in a CH plasma as a function of 

the ratio of Ti to T e . This represents the solution of the dispersion relation, 
e{(o/kJ = l+^ e(co,kJ + 2 r^ } a(cD /kj = 0. The graphical roots to the plasma 

a 
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dispersion function along with plots of the least damped modes can be seen 

in appendix 2.4 for several different ion species. Figure 4.2.3 b-d are taken 
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Figure 4.2.3 Attributes of the Thomson scattering shape factor, S(k,©), for a CH 

plasma. The horizontal axis in figure 4.2.3 a-d represent the ratio of the ion to 

electron temperature present in the plasma. The vertical axis in figure 4.2.3a 

shows the relative damping of the ion wave expressed as the absolute 

magnitude of the imaginary component of the frequency divided by the real 

part of the frequency. The vertical axis in figure 4.2.3b represents the relative 

magnitude of the Thomson shape factor for a CH plasma. The vertical axis in 

figure 4.2.3c represents the ratio of the peak to valley in the Thomson 
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scattered shape factor and the vertical axis in figure 4.2.3d represents the 

frequency width of the Thomson scattered peaks normalized to the plasma 

frequency. 

from the Thomson scattered form factor shown in figure 4.2.1 a-d. Figure 

4.2.3b shows the relative magnitude of the scattered peaks as a function of the 

ratio of Ti to T e . Figure 4.2.3c shows the ratio of the peak to valley as the ratio 

of Ti to T e is varied. The valley is defined as the value of the shape factor 

where G>scatt=G>probe- Figure 4.2.3d shows the frequency width of the peaks in 

the Thomson scattered spectra as T i / T e is varied. In all these figures, IcXoe is 

equal to 0.1. 

The ion temperature relative to the electron temperature is typically 

determined by the either the frequency width of the scattered peaks as 

depicted in figure 4.2.3 d or by the ratio of the peak to valley in the Thomson 

scattered form factor as shown in figure 4.2.3 c. Although these functions are 

typically monotonically increasing functions of the ratio of ion temperature 

to electron temperature for the frequency width and monotonically 

increasing for the case of the peak to valley measurement, in multi-species 

plasmas these features become multi-valued as is apparent in figure 4.2.3 c 

and d. Both of these features follow qualitatively the damping of the ion 

acoustic waves as can be seen by comparing figure 4.2.3 c and d to figure 4.2.3 

a. 

As mentioned in section 2.1, when the wavelength of the ion wave 

becomes less than the shielding distance, the electron Debye radius, the 

electrons cannot completely shield the ion charge and hence the Thomson 
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scattering signal from these waves is reduced. Figure 4.2.1 a-d shows the 

Thomson scatter spectra for a CH plasma with T i / T e maintained at 0.5 as a 

function of k^oe- Th e magnitude of the Thomson shape factor decreases with 

increasing values of kXoe-
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Figure 4.2.4 Thomson scatter spectra in a CH plasma as a function of kXoe 

with Ti/Te fixed at 0.5. The vertical axes in all four figures represent the 

relative amplitude of the Thomson scattered signals while the horizontal 

axes are normalized frequency. Figure 4.2.4 a-d represent the Thomson shape 

factor with kXoe=0.1, kX,oe=0-5/ k5iDe=l-5, and kAoe^.O, respectively. 

The Thomson scattering form factor can also be used to determine if 

there is a relative drift between the electrons and ions in the plasma. Figure 

4.2.5 compares the Thomson scattering form factor for the case in which a 
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Carbon plasma has no drift between the electrons and ions, 4.2.5a, to the case 

where the electrons are drifting with a relative drift of approximately 0.5 c$ 

relative to the Carbon ions 4.2.5b. If the electrons and ions are drifting relative 

to one another by an amount greater than the phase velocity of the ion wave, 

then the ion waves are unstable and may be driven to large amplitude. In 

multi-ion plasmas, there is also the possibility that there can be a drift 

between different ion species, which, in the case of low-Z ion species where 

the damping is dominated by the ion distributions, can have a more 

important effect on the asymmetry of the peaks than a relative drift between 

the ions and electrons. 
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Figure 4.2.5 Thomson shape factor for a Carbon plasma in which there exists 

a finite drift between the electrons and ions. The horizontal axes shows the 

scattered frequency which the signal is scattered while the vertical axes show 

the relative amplitude. Figure 4.2.5a represents the case with zero drift 

between the electrons and ions. Figure 4.2.5b represents the case in which 

there is a relative drift between the ions and electrons of approximately 0.5 Cs-

When measuring the plasma temperature, it is important to minimize 

the angular spread in the Thomson probe beam and collection optics to 



CHAPTER 4. THOMSON SCATTERING 112 

reduce the uncertainty in the magnitude of ion wavenumber being probed. 

The Thomson scattering data is typically fit to the scattering form factor to 

extract the electron temperature, the ion temperature, and the relative drift 

between the electrons and the ions. Although in a homogeneous plasma, a fit 

can be made between the width of the Thomson scattered peaks and their 

separation to determine the ion and electron temperature, this is much more 

difficult in an inhomogeneous plasma. In inhomogeneous laser-produced 

plasmas, the flow gradient scalelengths are typically on the order of the spot 

size of the probe beam. This causes the probe to effectively see a range of flow 

velocities which are much broader than the homogeneous FWHM of the 

scattered peaks. Due to differences in the temperature gradients, the probe 

beam can also sample a range of temperature ratios. These flow gradients and 

temperature gradients can make the measurement of Ti difficult. The flow 

gradients can significantly broaden the spectrum making any estimation of Tf 

from the width of the scattered peaks meaningless. Instrumental effects and 

flow gradients can also fill in the valley of the Thomson shape factor relative 

to the maximum of the scattered peaks causing an overestimation of the ratio 

of ion to electron temperature present in the plasma. 

A simple criteria can be established for the validity of using the 

homogeneous FWHM of the Thomson scattered spectra. The dispersion 

relation for an ion acoustic wave in an inhomogeneous plasma is given by 

( x\ 
*>ia = k i a • Uf 1 - 7 - + Cs^ia, (4-2.6) 

v. W ; 



CHAPTER 4. THOMSON SCATTERING 113 

where coia(kia) are the frequency(wavenumber) of the ion acoustic wave and 

Cs/ uf, Ly are the sound speed, the flow velocity, and the flow velocity 

scalelength respectively. L v can be defined as cs(duf /dx) _ 1 . As a rough 

approximation, the ion acoustic frequency changes by an amount equal to if s 

value at x=0 over a distance approximately equal to the flow velocity 

scalelength. The FWHM of the scattered peaks is roughly equal to the 

damping of the ion acoustic wave divided by the ion acoustic frequency. 

Therefore, in most cases the focal spot of the probe beam divided by the flow 

velocity scalelength must be less than the damping on the ion acoustic wave 

divided by the ion acoustic frequency in order for a measurement of the 

FWHM of the spectra to yield useful results. For most small-scale laser-

plasma experiments this is not the case, however, for large-scale laser-plasma 

experiments such as found in exploding foil targets, gas jet experiments, 

backfilled chambers, or gas bag experiments, flow velocity scalelengths of over 

a thousand wavelengths can exist. In this case the broadening due to flow 

velocity inhomogeneity could be a small percentage of the broadening due to 

damping on the ion wave itself, particularly in the case that there is heavy 

damping on the ion wave. For high-Z ion species where the damping is a few 

percent of the ion wave frequency, the probe beam area would have to be 

close to one percent of the flow velocity scalelength which is unlikely even 

for many large-scale plasmas. The above criteria assumes that the scattering 

occurs uniformly throughout the focal spot size of the probe beam. 

Narrowing can occur due to the distribution of intensities in the focal 

spot(hot spots) and due to the dependence on density present in the scattering 

formula. Improvements are made by going to larger scalelength plasmas and 
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smaller focal spot diameters and higher f numbers for the Thomson probe 

beam. 

4.3 Thomson Scattering in Inhomogeneous 
Plasmas 

All of the calculations presented in the section above and in the 

relevant appendices have assumed a homogeneous plasma. In laser-produced 

plasmas, however, inhomogeneities are very important in limiting the 

amplitude which the collective Thomson scattered signals are driven. In the 

homogeneous case, the coherent peaks in the form factor are determined by 

the damping on the electrostatic waves which are scattering the Thomson 

probe beam. When inhomogeneity is included, the amplitude of the coherent 

peaks can be determined by the plasma inhomogeneities rather than the 

damping on the electrostatic wave, particularly in the case of Langmuir 

waves. The incoherent part of the spectrum is not affected by the 

inhomogeneity. This can change the peak to valley in the scattered form 

factor, as well as the full width half maximum of the scattered peaks. More 

importantly, the broad range of flow velocities sampled by the probe beam can 

cause a large broadening of the scattered peaks making any estimation of the 

width of the scattered peaks meaningless. 

A model can be constructed that shows the electromagnetic wave 

amplitude produced by the Thomson scattering of a electromagnetic wave 

from a fixed amplitude electrostatic wave in an inhomogeneous 

plasma[7,27,80]. This model is useful in predicting the magnitude of the signal 
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generated from Thomson upscattering off of Langmuir or ion waves when 

this is not a stimulated process. Stimulated scattering is then just a special 

case of collective Thomson scattering. The vector potential of the scattered 

light wave, Ago is driven due to the transverse current formed by the 

coupling of the incident electromagnetic wave, A p r , and the ion acoustic 

wave, nepw/noe/ which is given by 

> 2 2 2 d 2 ^ 
dt2 ** dx2j 

qA s c (x)_ 2

 nepw(x)qA p r(x) 
2 ' 

m e c 
2 = - G , p e 

(4.3.1) 
n, oe n*ec 

where © is the plasma frequency, c is the speed of light, m e and q are the 

mass and charge of an electron respectively. The wave amplitudes can be 

expressed in the form ^ a \ ' =—¥ a(x)exp i(fk a-dx-CD gt)U-c.c.. Equation 
m e c 2 L v n 

4.3.1 is reduced to a first order differential equation using the slowly varying 

envelope assumption that the wave amplitudes are slowly varying with 

respect to the wavenumber, ka , and frequency, ©a/ of the wave, or 

ka¥a(x)« j ' i a n ^ °>a^a(x)« A ' *** t ^ i e c a s e °* * o n a c o u s t i c 

waves of amplitude *?ia in a linear profile, the steady state form of equation 

4.3.1 can be written as 

dx 
CO pe(ePr-escj/ , 

4ic 2 k. l T ^ P r i e x p 

ix 'x 2 

(4.3.2) 

where the wavenumber mismatch, (k g c (x)-k (x)±k i a(x)}-dx = K-'X, has 

been Taylor expanded about the perfect phase matching point. Contour 
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integration can be used to obtain the magnitude of the scattered vector 

potential as shown in Appendix 4.5. The resultant scattered vector potential, 

assuming a linear phase mismatch, is 

| T s c | " V F 4 c 2 ^ ' i a | l T p r "-

Figure 4.3.1a shows the amplitude of the scattered vector potential 

from a plasma containing a linear phase mismatch. This situation is found 

when Thomson scattering from Langmuir waves in a linear profile and in a 

parabolic profile when the waves are not at the top of the parabola. The initial 

conditions are that at t=0, the amplitude of the scattered vector potential is 

zero everywhere is space. In this figure, the Thomson scattered signal has 

reached the saturation amplitude in figure 4.3.1 a and the signal is traveling 

to the left at the group velocity in figures 4.3.1 b and 4.3.1 c. The dashed line in 

figure 4.3.1 c shows the amplitude of the steady state signal calculated in 

equation 4.3.3 above. Figure 4.3.1 d shows the growth of the scattered vector 

potential at the perfect phase matching point, x=0. This graph shows the 

amplitude growing linearly in time at approximately the homogeneous 

growth rate, %catt ^ ^ p V ^ p r o b A p w / 4 ^ w i t h ^pe^probe^epw/^s = * u s e d 

in the simulation. 

In the case of Thomson downscattering, the scattering process can be a 

stimulated process known as stimulated Brillouin scattering, provided the 

square of the growth rate for stimulated Brillouin scattering is greater than 

the product of the damping on the daughter waves[16]. In this case the 

Thomson downscattered peak can be driven higher than the upscattered 
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peak, causing an asymmetry in the Thomson scattered peaks. This asymmetry 

can also be caused by a relative drift between the ions and electrons which can 
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Figure 4.3.1 Numerical evaluation of the Thomson scattered vector potential 

for the case of a linear phase mismatch between the interacting waves. The 

scattered vector potential as a function of distance is shown in figure 4.3.1 a-c 

each representing a different time. The vertical axis on all of these graphs 

represents the amplitude of the Thomson scattered vector potential. The 

horizontal axis on figures a-c represent the distance along the profile with x=0 

representing the perfect phase matching point. The horizontal axis in figure 

4.3.1 d represents time. 
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lead to asymmetric Landau damping on the ion waves, as discussed above. In 

fact if the drift velocity between the ions and electrons is greater than the 

phase velocity of the ion waves, the ion waves become unstable. The majority 

of the thermal Thomson scattering spectra found in the literature have 

interpreted any asymmetry in the peaks as caused by a relative drift between 

the ions and electrons, however, in some of these cases the Thomson probe 

intensity is above the homogeneous threshold for stimulated Brillouin 

scattering. Using the results in chapter 2 from the convective amplification 

section, the absolute magnitude of the square of the downscattered vector 

potential can be written as 

hp i2=fv*°°) f z r r ^ tv^H, |2f Gitj _ i (4 3 4) 
1 -> t V d s JV M, <osc2kiaZme I -H I J" 

When the gain for stimulated Brillouin scattering is small, the exponential 
may be expanded and equation 4.3.4 reduces to equation 4.3.3. The ratio of the 
stimulated downscattered feature, l^sclwn' t o t n a t °* t n e Thomson 
upscattered feature, j^gd , is 

l ^sc ldown^e^" 1 (4.3.5) 
ftc£p G ^ ' 

where Gst>s is the Rosenbluth gain defined in chapter 2, section 2.2. This is 

then another mechanism which can lead to an asymmetry in the Thomson 

scattered peaks. This process could possibly be used as a diagnostic to 

determine the "local" flow gradient scalelength, the scalelength within the 
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area of the probe beam, due to the linear dependence on L v contained in Gsbs-

The primary problem with this diagnostic would be the difficulty in 

monitoring the speckle pattern of the intensity present in the probe beam, as 

well as an uncertainty in the plasma frequency. The flow velocity and sound 

speed, at least, would be known due to the location of the peaks relative to the 

probe frequency and relative to each other, respectively. 
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Chapter 5 

Initial Thomson scattering 
experiments; verification of Raman 
scattering models 

5.1 Introduction 

In this experiment, Thomson scattering was used to measure the Langmuir 

wave spectrum driven by stimulated Raman scattering. These measurements 

provided a direct comparison between stimulated Raman scattering and the 

enhanced Thomson scattering model for the electromagnetic emission 

between co0 and co 0/2 observed in laser-produced plasmas. The Thomson 

scattering measurements showed that the Langmuir wave spectrum resulted 

from stimulated Raman scattering and not from enhanced Thomson 

scattering. The width in k-space of the measured Thomson scattering signals 

also has implications for the saturation of the Langmuir waves. 

Many experiments have measured the scattered electromagnetic wave 

associated with stimulated Raman scattering and observed features which are 

d i f f i c u l t to e x p l a i n u s i n g l i n e a r t h e o r y [ 2 1 , 5 5 ] . 
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In these experiments stimulated Raman scattering was often observed at 

levels significantly above the spectral intensity calculated assuming 

convective amplification from thermal noise levels. Another feature 

observed in many of the experiments is a gap in the Raman spectra, discussed 

in section 2.8, extending from close to the quarter critical surface to 

somewhere below twenty percent of the critical density. In addition, the 

spectral intensity in these experiments typically peaked at long wavelengths, 

corresponding to lower densities, even though linear convective theory 

would predict higher gain with increasing density, providing the density 

scalelength does not change. These discrepancies with linear theory have led 

to several hypotheses concerning the Raman spectrum observed in 

experiments[21,39]. 

One of the hypotheses used to explain the discrepancies cited above was 

the "enhanced Thomson scattering" model[21]. This model assumes that hot 

electron pulses moving through the plasma excite large level electron plasma 

waves via the bump-on-tail instability. The electron distribution in such a 

case is shown in figure 5.1.1. The Langmuir waves whose phase velocity falls 

on.the reversed side of the hot electron distribution, as drawn in gray in 

figure 5.1.1, are unstable and amplify at the appropriate growth rate. These 

waves are unstable because those electrons traveling close to the phase 

velocity of a particular wave experience an almost constant potential from the 

wave. When there are more particles traveling slightly faster than the wave, 

then the wave gains energy from the electrons. On the other hand, when 

there are more particles traveling slightly slower than the phase velocity of 

the wave, the particles gain energy from the wave and the wave damps. As 
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shown in figure 5.1.1, the Langmuir waves whose phase velocity fall on the 

reversed side of the hot electron distribution have more electrons traveling 

slightly faster than the phase velocity of the waves and therefore these waves 

experience a net amplification at the expense of the hot electrons. 

The scattered electromagnetic wave measured in experiments would 

then result from Thomson scattering of the pump beam from these enhanced 

electron plasma waves. The authors proposed that the hot electrons could 

originate from the two plasmon decay instability near the quarter critical 

surface. In the case of stimulated Raman scattering, the wavevectors of the 

electron plasma waves being scattered from travel in the same direction as 

the incident laser or probe beam. For solid target experiments, this requires 

that the beam of electrons leaving the quarter critical surface travel down the 

density gradient to a sheath region in the plasma and reflect. The reflected 

electrons then travel up the density gradient where they can excite Langmuir 

waves which the probe beam can scatter from, producing the backscattered 

electromagnetic wave observed in experiments. 
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Figure 5.1.1 Model distribution of the electrons in a plasma containing a hot 

electron distribution. In this case, the distribution contains a cold Maxwellian 

component and also a hot electron distribution with a normalized velocity 

centered at 25. 

This experiment was designed to look at the Langmuir wave spectrum 

in an attempt to distinguish between the enhanced Thomson scattering 

model and stimulated Raman scattering[40]. In the next section, the 

experimental setup is presented along with the plasma parameters present 

during the experiment. Thomson scattering is discussed following the 

experimental description. The measured spectrum observed in the 

experiments is discussed following the experimental setup and these 

observations are compared to stimulated Raman scattering and the enhanced 

Thomson scattering model. 

5.2 Experimental description 

The experimental setup is shown in figure 5.2.1. The plasma was 

formed by a 1.064 um, 2.5 ns FWHM Nd:Glass laser. The focal spot of the 

interaction beam was varied between 80 to 400 am in diameter and the laser 

energy ranged from 100 to 160 Joules, resulting in average intensities on target 

between 3x l0 1 3 and lxlO 1 5 W/cm 2 . The targets consisted of Collodium thin 

foils mounted on 5 mm diameter rings with thicknesses ranging between 100 

and 500 nm, as well as solid Carbon targets which retained a critical surface for 

the entire duration of the interaction beam. 
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The Thomson probe beam was formed by taking ten percent of the 

energy from the 1.064 urn interaction beam. This energy was then frequency 

upconverted, resulting in a 355 ran Thomson probe beam with a temporal 

duration slightly less than 1.5 ns. The Thomson probe beam was focused 

using an f/10 lens which was masked to approximately f/100 giving the probe 

beam an angular spread of less than 0.6 degrees. The probe beam was incident 

at 63 degrees from the interaction beam such that the Langmuir waves 

corresponding to Raman backscattering could be observed. 

The Thomson scattering diagnostic, used to measure the Langmuir 

wave spectrum, is shown in Figure 5.2.1. The Thomson scattered light was 

collected over a range from 15 degrees to approximately 40 degrees from the 

probe beam. This was the angular range corresponding to the Thomson 

scattered signal from the Langmuir waves responsible for Raman backscatter 

of the incident beam. This scattered light was sent to a spectrometer where the 

Fourier transform plane was imaged onto the entrance slit of the 

spectrometer. Because the spectrometer was a 1:1 imaging device, the angular 

information focused on the entrance slit of the spectrometer was also imaged 

at the output of the spectrometer. This allowed for the angular measure in 

one direction and wavelength resolution in the perpendicular direction. At 

the exit plane of the spectrometer, an S-20 Kentech gated optical imager(GOI) 

was used to record the wavelength versus angle of the Thomson scattered 

signal. The GOI served two purposes. The microchannel plate amplified the 

Thomson scattered signal and the gate allowed the Thomson scattered signal 

to be discriminated from the Bremsstrahlung emission which although had 

much less intensity, it occurred over a much longer period of time. The 



CHAPTER 5. INITIAL THOMSON SCATTERING EXPERIMENTS; . . 126 

output phosphor on the GOI was imaged onto a CCD camera which recorded 

each shot. Ultimately the CCD camera recorded wavelength versus angle of 

the Thomson scattered light emitted from the plasma. Assuming a resonant 

scattering process, the angle which the light exits the plasma can be used to 

determine the wavelength of the Langmuir wave from which the probe beam 

scatters. This diagnostic then provides a direct measurement of co versus k of 

the Langmuir waves corresponding to resonant scatter from the probe beam. 

Thomson 
Probe 
Beam 

Thomson Scattering 
Measurement 

OCD 
I camera 

Interaction 
Beam 

w mage 
Dissector 

Stimulated Raman 
Back Scattering 

Diagnostic 

Figure 5.2.1 Experimental layout showing the interaction and probe beams, 

along with the interaction chamber. This figure also shows the three primary 

diagnostics used in this experiment; the Thomson scattering diagnostic, the 

stimulated Raman backscattering measurement, and the diagnostic used to 

measure the 3/2 co0 emission from the plasma. 
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The Raman backscatter diagnostic, used to measure the backscattered 

light above 1.064 Jim, is also shown in Figure 5.2.1. This diagnostic measured 

the light which was backscattered into the focusing lens. A glass plate was 

placed in the incident beamline which reflected approximately eight percent 

of the backscattered Stimulated Raman scattered light. This reflected light was 

focused onto the entrance slit of a Czurney-Turner spectrometer which was 

used to spectrally resolve the signal. The spectrometer had an 85 gr/mm 

grating and the focusing mirrors had a radius of curvature of 0.25 m. The 

output plane of the spectrometer formed the input into an image dissector 

which was used to obtain a time integrated spectrum of backscattered light of 

wavelengths greater than 1.064 um[94]. The output of the spectrometer 

provided a continuous frequency versus position measurement which the 

image dissector then turned into a sequence of discrete frequency bands 

versus time at its output. The output of the image dissector was focused onto 

a Au:Ge detector which provided a time integrated signal in discrete 

frequency bands. The output of the gold germanium detector was sent to an 

oscilloscope and recorded on film. Figure 5.2.2 shows a schematic of the 

detector circuit. The Au:Ge detector was cooled with liquid Nitrogen to 77° K. 
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Figure 5.2.2 Schematic of the detector circuit used for the Au:Ge detector. The 

50 £1 input from the oscilloscope, in conjunction with the 70 pf junction 

capacitance of the Au:Ge detector, gave an RC decay time of approximately 3.5 

ns. 

The oscillator for the interaction beam was used to calibrate the loss of 

signal as a function of round trips in the image dissector. This method was 

also used to determine the wavelength range contained in each wavelength 

band sent to the detector. Figure 5.2.3 shows the attenuation as a function of 

round trip passes inside the image dissector. The time between signals is 

approximately 13 ns and the decay time for an individual signal is 

approximately 3.5 ns. Each signal represents a frequency bin of approximately 

55 nm. 

Figure 5.2.3 Signal attenuation as a function of round trip passes through the 

image dissector. 
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The 3/2 ©o emission driven during these experiments was measured 

using a spectrometer and a Reticon array as shown in Figure 5.2.1. As 

explained in chapter 3, the 3/2 o>o emission results from Thomson scattering 

of the incident pump beam from Langmuir waves produced by two plasmon 

decay near the quarter critical surface[76]. The image plane of the plasma was 

focused onto the slit of the spectrometer, and the spectrally dispersed light 

was then focused onto a reticon array providing a time integrated 

measurement of the spectral intensity near 709 run. 

5.3 Collective Thomson scattering 

Collective Thomson scattering was the primary diagnostic used in this 

experiment. The Thomson scattering diagnostic was used to obtain the 

spectrum of Langmuir waves which had been driven by the interaction beam. 

Resonant Thomson scattering satisfies the frequency and wavenumber 

matching conditions ©scatt = ( D p r ± < 0 i a a n d £ s c a t t = k p r ± k i a where 

kscatt(o>scatt)/ kpr(o>pr)/ and kia(a>ia) are the wavenumber(frequency) of the 

Thomson scattered wave, the probe beam, and the ion acoustic wave, 

respectively. Through these matching conditions, the frequency and angle 

that the Thomson scattered signal is observed determines the frequency and 

wavevector of the Langmuir wave being probed. 

In this experiment, Thomson scattering was used to examine the 

spectrum of Langmuir waves driven in an inhomogeneous plasma. A model 

can be constructed which gives the electromagnetic wave amplitude produced 

by the Thomson scattering of a electromagnetic wave from a fixed amplitude 
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Langmuir wave in an inhomogeneous plasma[7,27,,80]. This model is useful 

in predicting the magnitude of the signal generated from Thomson scattering 

off of Langmuir waves whose amplitude has saturated. This model is also 

useful in determining the amplitude of the scattered vector potential present 

in the enhanced Thomson scattering model. The vector potential of the 

scattered light wave, A s c , is driven due to the transverse current formed by 

the coupling of the incident electromagnetic wave, A p r , and the Langmuir 

wave, n e p w Moe, which is given by 

( a 2 _ , 2 A d 
+ 0)to-C ^2 ^wpe " J v 2 {df ^ dx< 

q A s c ( * ) = m 2 n e p w ( x ) qApr(x) (531) 

1 ~ ^pe 3 
m e c r nog m e c 

where GO is the plasma frequency, c is the speed of light, me and q are the 

mass and charge of an electron respectively. The wave amplitudes can be 

expressed in the form ^ — ^ ^ = -Y a (x)exp| i(fk a dx-o) a t ) l+c.c.[27]. 
m e c 2 LV J n 

Equation 5.3.1 is reduced to a first order differential equation under the 

assumption that the wave amplitudes are slowly varying with respect to the 
d*P (x t) wavenumber and frequency of the wave, or ka

x¥a(x)« **v ' ' , and 

d*F (x t) 
ffla^a(x)<< ' • I*1 ^ e c a s e o r" Langmuir waves in a linear profile, or 

far from the apex of a parabolic profile, the steady state form of equation 5.3.1 

can be written as 

Q) »(Vg8c) d^sc = P e 

dx 4 1 ^ 
(^epw^pr)exp iKT'x2 (5.3.2) 
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where the wavenumber mismatch, [k s c (x) -k (x)±k w (x))-dx= xr'x, has 

been Taylor expanded about the perfect phase matching point, x=0. Contour 

integration can be used to obtain the magnitude of the scattered vector 

potential as shown in Appendix 4.5. The resultant scattered vector potential, 

assuming a linear phase mismatch, is 

V 2 ^ ( V e S c ) 
sc V * ^ c2k epw V pr 

(5.3.3) 

sc 

For Langmuir waves driven at the top of a parabolic profile, the steady 

state equation can be written in the form 

d*F CO 

dx 
sc _ 4ic 2k Tepw^prjexp 

pe IK X" (5.3.4) 

where ikx(x)-k (x)±k W(X))-6X~K''X2/2 is the wavenumber mismatch 

at the top of a parabolic profile. Again contour integration can be used to 

obtain the magnitude of the scattered vector potential as shown in Appendix 

4.5. The scattered vector potential at the top of a parabolic profile is 

, ( 6 f r(y3)<(ygsc)| n , 
1 x] U " J V3 4c 2 k s c I e p w ' l pr' 

(5.3.5) 

5.4 Plasma Characterization 
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The hydrodynamics code, LASNEX, was run by Kent Estabrook to 

model the plasmas used in this experiment. This modeling is important 

especially for thin foil targets used in the experiments described in this 

chapter. It is important that the peak of the laser intensity occur when the foil 

has burned through such that the maximum of the electron density is below 

the quarter critical surface where stimulated Raman scattering can be driven 

absolute on the top of the density profile. The LASNEX simulation used the 

incident laser power profile shown in figure 5.4.1 below. The maximum laser 

intensity occurred at 4.2 ns and the FWHM of the laser pulse was 2.5 ns. 

I . i I - • • - L _ . - - ' i i J 

0 1 2 3 4 5 
t ime (ns) 

Figure 5.4.1 LASNEX model for the incident laser. The FWHM of the laser 

pulse is approximately 2.5 ns and the peak laser intensity occurs at 4.2 ns. 

Figure 5.4.2 shows the LASNEX prediction for the maximum electron 

density averaged over a 200 urn radius as a function of time. This represents 

the case of a 0.40 urn Coliodium foil. In this simulation, by the time the laser 

reaches its maximum amplitude at 4.2 ns, the density has dropped to 
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approximately 2.5 % of the critical density. Most of the Raman signals seen in 

this experiment occurred below about 8 % of the critical density for the 0.35 

um and below 5 % of the critical density for 0.25 um targets. The scalelength, 
L2, where n e = n o eexpMX/L2) , is nearly 100 um when the maximum 

density is approximately 6 % n c r to nearly 150 um when the maximum 

density has dropped to around 2 % n C r at around 4.6 ns into the simulation. 
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Figure 5.4.2 LASNEX prediction for the maximum electron density averaged 

over a 200 um radius cylinder as a function of time for a 0.40 um Collodium 

foil. The vertical axis shows the electron density while the horizontal axis 

represents time in ns. 

Figure 5.4.3 shows the LASNEX prediction for the electron temperature 

as a function of time. The simulations placed the temperature of the plasma 

at approximately 350 eV during the maximum of the laser intensity. The 

electron temperature peaks before the laser has reached the point of half the 

laser intensity, however, by this point the maximum density is dropping 
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quickly. Because the laser absorption coefficient is quadratically dependent on 

the density, even though the laser intensity is increasing, less laser energy is 

being absorbed by the plasma and the electron temperature begins to cool 

even before the laser has reached half of its maximum intensity. Thomson 

scattering from thermal level ion acoustic waves was used in previous 

experiments to determine the electron temperature. These measurements 

estimated the temperature to be in the range 300-700 eV, consistent with the 

LASNEX results shown in figure 5.4.3 [95]. The simulations also show that the 

plasma ions are fully stripped resulting in an average Z of approximately 5.29. 

2 3 
t ime (ns) 

Figure 5.4.3 LASNEX estimation for the electron temperature averaged over a 

200 um radius cylinder as a function of time for a 0.40 urn Collodium foil 

target. The vertical axis shows the electron temperature while the horizontal 

axis represents time in ns. 

The ion wave damping as a function of the ratio of ion temperature to 

electron temperature is shown in figure 5.4.4. The dispersion relation, 
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f{(»/kj = l + ̂ e(o) /kj + ̂ ^ i a (a> / k) = 0 / was solved to determine the damping 
a 

on the ion acoustic waves present in the plasma. The dispersion relation was 

written in terms of complex error functions and solved using Mathematica. 

The simulations showed that the ratio of the ion temperature, Ti, to the 

electron temperature, T e , was approximately 0.6 near the maximum of the 

electron density. According to figure 5.4.4, this ratio of temperatures would 

predict a damping of approximately 5 % of the real component of the ion 

wave frequency. 
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Figure 5.4.4 Ion wave damping as a function of the ratio of ion temperature, 

Ti, to electron temperature, T e , for a Collodium plasma. The vertical shows 

the absolute magnitude of the ion wave damping normalized to the real part 

of the ion acoustic frequency and the horizontal axis represents the ratio of 

ion temperature, Ti, to electron temperature, T e . This calculation assumed 

k^De=0-l and that the ions were completely ionized. 
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5.5 Experimental observations 

Figure 5.5.1 a shows the Thomson scattered measurement of the 

Langmuir wave spectrum obtained from a 0.35 Jim Collodium foil. The 
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Figure 5.5.1 Thomson scattering and stimulated Raman scattering observed 

from a 0.35 urn Collodium thin foil. In (a), the Thomson scattered signal is 

plotted along with the dispersion curve showing the expected position of the 

Thomson scattered signal as a function of wavelength. The contours in 5.5.1 a 

represent factors of two in intensity. In (b), the corresponding measurement 

of stimulated Raman scattering from the 1.064 urn interaction beam is shown. 

The percentage of critical density from which the signals in (a) and (b) 

originated are drawn on each of the graphs for comparison. 

feature near 355 run represents stray probe light and Thomson scattering from 

ion acoustic waves. The dashed line represents the location which the 

Thomson scattered signal should lie assuming that the Langmuir waves are 

participating in resonant Raman scattering of the interaction beam. The 

feature from 380 to 390 nm represents Thomson scattering of the probe beam 

from Langmuir waves. This signal lies along the dashed curve expected for 

Langmuir waves participating in Raman scattering of the interaction beam. 

Figure 5.5.1 b represents the time-integrated measurement of the 

backscattered electromagnetic wave participating in stimulated Raman 

scattering. The inferred densities from which the Raman signal originated are 

drawn at the top of figure 5.5.1 b. This range of densities agrees with the 

inferred densities at which the Thomson scattered signal originated. 

Figure 5.5.2 is a composite graph showing the Thomson scattering 

spectrum obtained from six different shots. These shots were taken from 

Collodium thin foil targets which ranged in thickness from 300 nm to 350 

nm. In general, the Thomson scattered signal and the corresponding 
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stimulated Raman signal resulting from the thicker targets originated from 

higher densities. The dashed line again represents the calculated curve 

corresponding to Langmuir waves participating in resonant scattering of the 

L i — ' • ' ' ' ' ' • i i i i i ' ' ' • • • • • ' • L 
20.0 30.0 40.0 

Scattering Angle (Degrees) 

Figure 5.5.2 Composite graph showing the Thomson scattered signal from the 

Langmuir waves driven in six different shots. These signals all fall along the 

dispersion curve expected for resonant scattering of the interaction beam. The 

horizontal axis shows the angle which the light wets scattered relative to the 

probe beam. The left vertical axis shows the wavelength of the scattered light 

and the right vertical axis shows the percent of critical density relative to the 

interaction beam which the signals originated., assuming an electron 

temperature of 350 eV. 

incident pump beam. In all the cases in which Thomson scattering was 

observed, the Langmuir wave spectrum was found to lie along this dispersion 
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curve. The filled contours represent the half intensity contour of the 

Thomson scattered signal for the respective shot. 

The modulational instability, described in section 2.6, drives a range of 

ion wavenumbers unstable, causing a broadening in the Langmuir wave 

spectrum. For the experiments described in chapters 5 and 6 which saw a 

broadening in the Langmuir wave spectrum, the product of the wavenumber 

of the Langmuir waves and the Debye length was approximately 

kepW^De«0-15 to 0.3. Figure 5.5.3 below shows the range of unstable ion waves 

driven as a function of the amplitude of the pump Langmuir wave. The 

0.020 

0.015 

<5 0.010 
CO 

J*: 
0.005 

w 0.02 0.04 0.06 0.08 0.1 
Langmuir wave amplitude(nepw/noe) 

Figure 5.5.3 Range of unstable ion wavenumbers, kia, driven by the 

modulational instability. The horizontal axis represents the amplitude of the 

pump Langmuir wave while the vertical axis represents the wavenumber of 

the ion wave. The shaded region shows the unstable ion wavenumbers. This 

-i 1 1 1 r T — i — r — i | i — r 
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graph was made assuming that the phase velocity of the pump Langmuir was 

five times the thermal velocity of the plasma or kepw^De=0.2. 

broadest signal observed represented an 8% change in wavenumber across the 

angular width of the signal with the majority of the shots having an angular 

width corresponding to only a 2% change in wavenumber. For kepw^De^O^, 

the modulational instability would predict a Langmuir wave amplitude of 

approximately n epw/noe s s9-5% for the broadest case, 8%, and an amplitude of 

approximately nepw/ noe~2-4% for the average cast;, 2%. The broadest signal 

shown in composite graph showed a weaker Thomson scattering and 

Stimulated Raman scattering signal than observed in figure 5.5.1 above 

indicating that the broadening of the Langmuir wave spectrum is not 

correlated with the Langmuir wave amplitude as measured by the intensity of 

the Thomson scattering spectrum. 

5.6 Discussion 

The broadest signal shown in figure 5.5.2 represents less than an 8 

percent change in the Langmuir wavevector, which is much narrower than 

the spectrum of Langmuir waves expected from Langmuir waves driven due 

to the bump-on-tail instability. In addition, the largest percentage of shots 

showed less than a 2 percent change in the magnitude of the Langmuir 

wavenumber. It is unlikely that the spectrum of Langmuir waves driven by 

the bump-on-tail instability could be this narrow. The bump-on-tail 

instability should drive a very broad spectrum of Langmuir waves, only a 



CHAPTER 5. INITIAL THOMSON SCATTERING EXPERIMENTS;. . 141 

small fraction of which would be resonant for Raman scattering[96]. That is 

not to say that enhanced Langmuir waves were not present, but that the 

amplitude of such Langmuir waves would be down in magnitude by at least a 

factor of 20 from the stimulated-Raman-scattering-driven Langmuir waves 

detected in this experiment. The bump-on-tail instability can also drive quasi-

Langmuir waves which do not satisfy the normal dispersion relation for a 

Langmuir wave in a plasma with a monotonically decreasing distribution 

function. These quasi-Langmuir waves which do not obey the normal 

dispersion relation cannot decay easily through wave-wave interaction. These 

waves would likely be driven to a larger amplitude than their normal mode 

counterparts, producing a larger Thomson scattering signal. These quasi-

modes were not observed in this experiment. 

The enhanced Thomson scattering model requires a source of hot 

electrons from which the Langmuir waves are driven. The source most 

frequently assumed is the two plasmon decay instability near the quarter 

critical surface. In the case of the majority of the targets used in this 

experiment, the center of the foil burned through the quarter critical surface 

before the end of the incident laser pulse, although there remained a quarter 

critical surface near the edges of the interaction beam. For the 0.4 jxm thick 

targets, predicted that the foils went below quarter critical approximately 2.2 

ns into the laser pulse. A more thorough test of the enhanced Thomson 

scattering model would involve using targets which retained their quarter 

critical surface the entire time the laser is interacting with the plasma. With 

the given combination of laser energy and focusing optic, it was not possible 

to drive stimulated Raman scattering from a solid Carbon target even using a 
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5 ns prepulse in an attempt to increase the scalelength. It was possible, 

however, to drive two plasmon decay from these targets which was inferred 

from the 3/2 co0 emission and 5/2 (Do emission measured from the solid 

targets. Figure 5.6.1 shows a time integrated 3/2 co0 spectrum which resulted 

from a solid Carbon target. The 3/2 ooo light is produced when the incident 

laser Thomson scatters from Langmuir waves produced near the quarter 

critical surface[76]. Therefore, although it was not possible to observe Raman 

signals from these solid targets, it was inferred that two plasmon decay was 

occurring. Therefore, the lack of Raman in the solid target experiments 

indicated that the Langmuir waves were not driven sufficiently by the bump-

on-tail instability to be observed with the Au:Ge detector. 
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Figure 5.6.1 The 3/2 ©o emission obtained from a solid Carbon target which 

maintained a critical surface throughout the duration of the interaction beam. 

The vertical axis shows the relative amplitude to which the peaks were 
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driven, while the horizontal axis represents the wavelength of the scattered 

light. 

The Thomson scattered vector potential resulting from a parabolic 

profile can be much larger than the vector potential resulting from a linear 

profile, assuming comparable scalelengths and Langmuir wave amplitudes. It 

is therefore probable that the Raman signal produced by the enhanced 

Thomson scattering model would be much larger in the case of a parabolic 

profile than in the case of a linear profile. The ratio of the scattered vector 

potentials produced in a linear profile, ^ s c L , ' t o t*13* produced in a parabolic 

profile, f P ^ is ^ ^ 1 , ^ 3 , 1 ^ « L 5 ( u ^ ) V 6 V t l ~ / ( L p a r ) 2 / 3 , where L U n 

and Lpar are the scalelengths for the linear and parabolic profiles respectively. 

For the parameters present in this experiment, the vector potential produced 

from the linear profiles present in the solid Carbon targets should have been 

about one fourth of the amplitude of the vector potential produced in the 

Collodium foil targets. This signal level should still have been measurable 

with the backscatter diagnostic, provided the Langmuir waves had been 

driven to the same amplitude by the enhanced Thomson scattering model. 

5.7 Summary 

In summary, Thomson scattering was used to measure the Langmuir 

wave spectrum associated with Raman backscatter. This measurement 

showed that the Langmuir waves obeyed the dispersion relation for 

Langmuir waves driven by stimulated Raman scattering. The Thomson 
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scattered signal was observed over a narrow angular range which is consistent 

with the assumption that the Langmuir waves were driven by stimulated 

Raman scattering and inconsistent with the assumption that they were 

driven by the bump-on-tail instability predicted in the enhanced Thomson 

scattering model. In the solid Carbon target experiments, two plasmon decay 

was driven, as inferred from measurements of 3/2 cc>o emission. Stimulated 

Raman scattering, however, was not detected in these experiments which 

retained a quarter-critical surface for the entire duration of the interaction 

beam. The lack of stimulated Raman scattering was expected due to the 

relatively steep density gradient[97]. The enhanced Thomson scattering 

model, however, would predict the observation of signals in this case due to 

the presence of two plasmon decay. Therefore, the lack of Raman signals in 

the solid target experiments shows that the Langmuir waves were not driven 

sufficiently by the bump-on-tail instability. 
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Chapter 6 

Thomson scattering measurements 
of the Langmuir wave spectra 
resulting from stimulated Raman 
scattering 

6.1 Introduction 

This chapter shows the results of an experiment in which Thomson 

scattering was used to measure the Langmuir wave spectrum generated by 

stimulated Raman scattering. This experiment detected Langmuir waves with 

components both parallel and antiparallel to the incident laser's wavevector, 

k 0 . The parallel component was attributed to stimulated Raman scattering. 

However, the Langmuir waves moving antiparallel to k 0 , which cannot be 

explained by stimulated Raman scattering, were attributed to the Langmuir 

decay instability. 

As discussed in chapter 1, saturation of the amplitude of Langmuir 

waves is an important issue in many applications involving plasmas. These 
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applications include inertial confinement fusion[98], particle accelerators [2], 

current-drive in Tokamaks[5], and X-ray lasers[l]. In laser-produced plasmas, 

Langmuir waves may be driven by several instabilities, one of which is 

stimulated Raman scattering(SRS). In SRS, an incident electromagnetic wave 

resonantly drives a Langmuir wave and a scattered electromagnetic 

wave[16,17]. Much of the prior work on SRS has been focused on its onset, 

which proved difficult to understand[67,99-102]. Few experiments have 

looked directly for these saturation mechanisms[3,40,56]. Many recent 

simulations and analyses have indicated that the Langmuir decay instability 

may be responsible for the saturation of SRS[9,12,B,39]. The present work is 

the first experimental study of the three wave process known as the 

Langmuir decay instability in laser-produced plasmas. 

The Langmuir decay instability involves the decay of a Langmuir wave 

into a second Langmuir wave and an ion acoustic wave. This instability can 

be driven by the Langmuir waves produced by stimulated Raman scattering, 

two plasmon decay, the ion acoustic decay instability, and other mechanisms, 

as well. For the present experiment stimulated Raman scattering was chosen 

to provide the Langmuir pump wave. The electromagnetic daughter wave 

associated with stimulated Raman scattering is easily diagnosed for a direct 

comparison to the measured Langmuir waves. The primary Langmuir wave 

spectrum driven by stimulated Raman scattering is also much simpler than 

the primary spectrum driven by either the ion acoustic decay instability or 

two plasmon decay. Specifically, two plasmon decay and the ion acoustic 

decay instability generate Langmuir waves which have components both 

parallel and antiparallel to the incident laser wavevector. In contrast, 
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stimulated Raman scattering only drives Langmuir waves with components 

in the same direction as the incident laser wavevector. Thus, any Langmuir 

waves traveling antiparallel to the laser wavevector must be due to the 

Langmuir decay instability or another mechanism which can reverse the 

wavevector of the Langmuir wave. 

6.2 Experimental layout 

The layout of the experiment is shown in figure 6.2.1. The plasma was 

formed by two counterpropagating 0.526 um beams impinging upon a 1.2 um 

thick, 440 um diameter, CH foil. These f/6 plasma formation beams contained 

Random Phase Plates with 0.75 mm elements which produced an 

approximate FWHM focal spot size on target of 360 um. The average intensity 

on target for the preform beams was approximately 5x l0 1 3 W/cm 2 . An f/6 

heater beam at 0.526 um, delayed by 1.1 ns from the preform beams, provided 

a measurement of the temporal evolution of the plasma density, as well as a 

temperature diagnostic. The heater beam contained a Random Phase Plate 

with 1.5 mm elements which produced an approximate FWHM focal spot 

size of 180 um. The average intensity on target for the heater beam was 

approximately 2xl0 1 4 W/cm 2 . The interaction beam at 1.053 um was incident 

upon the plasma approximately 1.7 ns after the plasma formation beams. The 

f/6 interaction beam had a temporal length of approximately 600 ps. Without 

a Random Phase Plate, the average intensity on target for the interaction 

beam was approximately 3xl0 1 4 W/cm 2 . When a Random Phase Plate was 

used on the interaction beam, its element size was 2 mm producing an 
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approximate FWHM focal spot size of 260 |xm. This resulted in a lower 

intensity on target of approximately 5xl0 1 3 W/cm^. 

Thomson scattering beam" 
from Langmuir waves 526 run 

Interaction beam 
Raman diagnostic 

Figure 6.2.1 Experimental setup showing the Thomson scattering diagnostic, 

as well as the stimulated Raman scattering diagnostics from the 526 ran 

heater beam and the 1.053 (im interaction beam. 

The Thomson scattering probe beam at 351 run was incident on the 

plasma approximately 1.4 ns after the plasma formation beams. The use of a 3 

to 1 ratio for the probe beam frequency to interaction beam frequency allowed 

the Thomson downscattered signal from the Langmuir waves traveling in 

the same direction as the laser wavevector to be scattered at nearly the same 

angle as the Thomson upscattered signal from the Langmuir waves traveling 

in the opposite direction to the laser wavevector. The Thomson scattered 

beam had an f/# of 3.33 which in some shots was changed to an f/# of 25 
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through the use of an aperture. The angular spread of the Thomson probe 

beams and interaction beams are important in analyzing the angular extent of 

the Thomson scattered signals as discussed below. With an f/# of 3.33 the 

probe beam had an angular spread of approximately 17 degrees, however, 

with the use of the aperture, the angular spread was reduced to approximately 

2.3 degrees. The interaction beam had an f/# of 6 which resulted in an 

angular spread of approximately 9.5 degrees. 

The stimulated Raman backscatter from the 1.053 um interaction beam 

was monitored to provide a comparison with the Thomson scattered signal 

resulting from the driven Langmuir wave spectrum. The wavelength range 

corresponding to stimulated Raman scatter from the interaction beam ranges 

from 2 um near the quarter critical surface to approximately 1 um at very low 

densities. The time integrated stimulated Raman backscatter from the 1 um 

interaction beam was recorded using a room-temperature 1-D Germanium 

photodiode array, which was sensitive from 800 ran to approximately 1.8 um. 

The Germanium photodiode array consisted of 16 elements, each element 

having a width of 1 mm. This array was placed at the output plane of a 0.35 

meter Czurney-Turner spectrometer. Each of the channels in the array was 

biased positive to 3.2 volts to improve linearity and response time(lower the 

junction capacitance). The diagram of the detector circuit is shown in figure 

6.2.2 . The output of the diode was sent through a high-pass filter and read out 

using LeCroy 2249A charge integrators. The Raman backscatter spectrometer 

had a 100 gr/mm grating which yielded a dispersion of approximately 30.3 

nm/mm. Therefore, each channel of the detector sampled 30.3 run. An 

example of the Raman spectrum can be seen in figure 6.4.1 b. The output 
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signal from the 2249A charge integrator was then read using Lab View on the 

Macintosh. 

I S ^ 
> l u f 

Germanium 10 kQ <Z 
diode <C, 

Figure 6.2.2 Schematic of one of the detector circuits used for the Germanium 

diode array. The 50 Q input from the oscilloscope, in conjunction with the 0.6 

nf junction capacitance of the Germanium diodes, gave an RC decay time of 

approximately 33 ns. 

Figure 6.2.3 shows a trace of one of the channels of the diode array, as 

well as the gate signal for the 2249A. The 2249A collected charge from the 

diode array during the 200 ns gate signal. The junction capacitance of the 

diodes was reduced to approximately 0.6 nf when the diode was biased to 3.2 

volts. This gave the detector circuit a RC decay time of approximately 33 ns 

which was sufficiently short that the signal could be integrated over the 200 

ns gate time. 

The backscattered stimulated Raman scattering from the heater beam 

provided information on the peak plasma density as a function of time. This 

signal ranged from 1053 nm at the quarter critical surface to around 526 nm at 

very low densities. This diagnostic could also measure the 3 /2 co© emission, at 

702 nm, generated from the 1053 nm interaction beam, as well as Thomson 

50 a 
2249A 
input 
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upscatter from the interaction beam. The Raman backscattered signal was 

dispersed using a 0.25 m Czurney-Turner spectrometer and temporally 

Figure 6.2.3 Oscilloscope trace showing the gate signal, lower trace, which was 

sent to the 2249 A charge integrator and the diode response, higher trace, to a 

600 ps 1 um laser impinging upon its surface. The 2249 A integrated the 

current from the diode over the 200 ns, -700 mV gate signal. 

dispersed by a S-20 Livermore streak camera placed at the output plane of the 

spectrometer. The streak camera had the 3X card which provided a temporal 

window of approximately 3 ns. By carefully choosing the filtering to allow 

through a small amount of 526 nm light, the streak camera provided 

information on the relative timing of the beams. This technique also allowed 

for the wavelength calibration on each shot. The first order signal from the 

grating provided wavelength for 526 nm and the second order signal from the 

grating provided the location of the 1053 nm wavelength. The output 
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phosphor of the streak camera was imaged onto a Photometries CCD camera 

which recorded each shot. The Stimulated Raman signal was also sent to a 

photodiode for absolute measurement of the backscattered signal. 

The Thomson scattered signals from the Langmuir waves and the ion 

acoustic waves were relayed out of the chamber using the same optical path. 

A beamsplitter was used to send the Thomson scattered signals to two 

different optical tables. One which observed Thomson scattering from the 

Langmuir waves and the other which measured Thomson scattering from 

the ion acoustic waves. The Langmuir wave optical table, shown in figure 

6.2.1, consisted of an S-20 gated optical imager, and a 0.45 m Czurney-Turner 

spectrometer. The grating used in the spectrometer was a 300 gr/mm grating 

which resulted in a dispersion of 10 nm/mm at the output plane of the 

spectrometer. As discussed in chapter 5, the Fourier transform plane of the 

Thomson scattered signal from the Langmuir waves was focused onto the 

entrance slit of the spectrometer which allowed for the angular measure in 

one direction and wavelength resolution in the perpendicular 

direction[40,103]. The S-20 gated optical imager was placed at the output of the 

spectrometer to provide a time integrated measurement of to vs. k of the 

Langmuir waves present in the plasma. The output phosphor of the gated 

optical imager was recorded with a CCD camera. 

The ion acoustic optical table consisted of a 1.2 m Ebert-Fastie 

spectrometer and an S-20 Imacon 500 streak camera. The image plane of the 

plasma was focused onto the entrance slit of the spectrometer. The 

spectrometer had a 1200 gr /mm grating which produced a 0.7 nm/mm 

dispersion at its output. A spherical lens was used to image the output of the 
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spectrometer onto the entrance slit of the streak camera for frequency vs. time 

measurements. The output phosphor of the streak camera was then recorded 

on hard film. 

6.3 Plasma Characterization 

The hydrodynamics code, LASNEX, was run by Kent Estabrook to 

model the CH plasmas used in this experiment. This modeling was essential 

in determining the proper target thickness and beam timing such that the 

correct range of maximum electron densities would overlap temporally with 

the interaction beam. The LASNEX run described below assumed that the 

plasma was formed by two 0.527 um preform beams at time t=0 which were 

640 ps in duration and contained 26 Joules of energy. The heater beam in the 

simulation was 640 ps in duration and contained 26 Joules of energy. The 

heater beam was modeled as a 0.527 um beam which was incident 1 ns after 

the preform beams. Both the preform beams and the heater beam were 

simulated as f/6 beams. The interaction beam was also 640 ps in temporal 

width and was modeled as an f/12 beam. The interaction beam was a 1.05 urn 

beam which was delayed 2 ns from the preform beams. The FWHM of the 

spot size on target of the beams in the simulation were 393 jam, 450 am, and 

250 um for the preform beams, the heater beam, and the interaction beam, 

respectively. The on target intensities in the simulations were 2.5x10* 3 

W / c m 2 , 1.9xl0 1 3 W/cm 2 , and 1.2xl0 1 4 W/cm 2 for the preform beams, the 

heater beam, and the interaction beam, respectively. The CH target was 1.2 



CHAPTER 6. THOMSON SCATTERING MEASUREMENTS OF. . . . 155 

Hm thick and approximately 400 |im in diameter. The flux limit used in the 

simulations was 0.03. 

The LASNEX prediction for the maximum density as a function of 

time near the center of the target is shown below in figure 6.3.1. In this figure 

the beam timing is drawn in at the bottom of the graph showing the preform 

beams at t=0 ns, the heater beam at t= 1 ns, and the interaction beam at t=2 ns. 

The solid line represents the LASNEX prediction for the density evolution in 

time, while the gray striped line shows the density versus time inferred from 

Raman scattering measurements taken during the experiment. The targets 

used in these experiments are similar to those used in previous 

time (ns) 

Figure 6.3.1 LASNEX predicted evolution of the maximum of the plasma 

density as a function of time. The vertical axis shows the electron density 

normalized to the critical density for a 1 Jim interaction beam. The horizontal 



CHAPTER 6. THOMSON SCATTERING MEASUREMENTS OR . . . 156 

axis represents the time in the simulation. The beam timing used in the 

simulation is drawn at the bottom of the figure. 

experiments [104]. A brief density increase in time was also seen in the 

simulations described in the reference above and interpreted as an inflow of 

plasma from the edges of the target stagnating at the center of the target. This 

interpretation is consistent with the reaction of the ion temperature in these 

simulations as discussed below. Over the density range where the maximum 

density falls from approximately 16 percent of the critical density for the 

interaction beam to approximately 1 percent of the critical density, the 

LASNEX prediction for the density evolution as a function of time can be fit 

by the relation ne/ncH^lSCt)- 4 - 4 3 . 

The LASNEX prediction for the evolution of the plasma temperature is 

shown in figure 6.3.2 below. The electron temperature follows closely the 

time history of the incident beams. The collisional damping of the incident 

beams due to inverse bremsstrahlung strongly affects the temperature of the 

electrons as can be seen in figure 6.3.2. The ion temperature experiences a 

large spike near 1 ns and becomes larger than the electron temperature in the 

simulation. This occurs at the same time as the appearance of the density 

increase in time at the center of the target shown in figure 6.3.1 above. The 

interpretation of the density hump as being produced by plasma driven from 

the edges is consistent with the jump in ion temperature. As the plasma 

begins to interpenetrate at the center of the plasma, the plasma stagnates 

causing a large heating of the ions which might or might not be realistic[105]. 
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time(ns) 
Figure 6.3.2 LASNEX prediction for time evolution of the electron and ion 

temperatures present in the plasma. This represents the temperatures at the 

center of the targets. The vertical axis is temperature while the horizontal axis 

is the time of the simulation. Again the beam timing used in the simulation 

is drawn at the bottom of the figure. 

The LASNEX prediction for the linear flow velocity scalelength at the 

time of the interaction beam was approximately 400 urn out to about z=500 

um beyond which the scalelength goes to approximately 700 um. The spatial 

density profile is not well characterized by a gaussian density profile. 

However, the density scalelength is very large being on the order of 700 um. 

The maximum density of the plasma was determined from 

measurements of the stimulated Raman scattering from the heater beam, as 

shown in figure 6.3.3. The beam timing as measured by this diagnostic is 

I 
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drawn to the right of the figure. The features near t=0 are the two preform 

beams at 526 nm appearing on the first and second order of the grating. The 

interaction beam drives two plasmon decay when densities higher than 

approximately twenty percent of the critical density for the interaction beam 

are present[76]. The feature at 702 nm, driven from t=1.2 to t=1.6 ns, represents 

the Thomson scattering of the interaction beam from the Langmuir waves 

associated with two plasmon decay as discussed in chapter 3. The feature 

above 750 nm, driven from t=1.45 to t=1.65 ns, represents Thomson 

upscattering of the interaction beam from non-thermal-level Langmuir 

waves. The feature above 700 nm, driven from t=0.8 to t=1.25 ns, represents 

stimulated Raman scattering which is driven when the heater beam is turned 

on. The density inferred from the measurement of the maximum of the 

stimulated Raman scattering spectrum, from 0.9 to 1.2 ns, as a function of 

time is drawn on figure 6.3.1, which shows the LASNEX prediction for the 

density evolution as a function of time. Although the density deduced from 

the Raman scattering does not follow the brief temporal density increase 

shown in the simulation, it does agree with the temporal slope of the 

LASNEX density profile after the brief temporal density increase. 

This diagnostic can also be used as a rough estimate of the electron 

temperature of the plasma [95,99]. The idea behind this temperature diagnostic 

is the rapid increase in the Landau damping of the Langmuir wave as a 

function of the parameter kX^e, the product of the Langmuir wave's 

wavenumber with the Debye length. The short wavelength limit of the 

scattered spectrum would then be interpreted as being the result of the 

increased Landau damping on the Langmuir wave. As shown in figure 2.10.1 
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from chapter 2, the shorter wavelengths of Raman scattered light correspond 

to larger values of kA,oe- For absolute instability, the homogeneous damping 

threshold occurs when the homogeneous growth rate, YOSRS/ is equal to one 

500 600 700 800 90010001100 

Wavelength (nm) 

Figure 6.3.3 Spectrum from the heater beam stimulated Raman scattering 

diagnostic. Relative beam timing is drawn along the right side. The vertical 

axis represents relative time, while the horizontal axis shows the wavelength 

of the scattered light. 
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half the damping on the Langmuir wave, VepwSRS, multiplied by the square 

root of the ratio of the light wave group velocity, VSSRS/ over the Langmuir 

wave's group velocity, V e p w s R S , or 7OSRS > a5vepwsRsVVssRs/VepwSRs £ 1 0 61-

As discussed in chapter 2, for a convective instability the homogeneous 

damping threshold depends upon the growth rate, YoSRS/ being larger than 

the product of the Langmuir wave's damping, VepwsRS/ and the scattered 

electromagnetic wave's damping, V S S RS, or 7OSRs>^vsSRsvepwsRs • Although 

the Landau damping on the Langmuir wave is increasing as density 

decreases, the light wave's damping is decreasing making the use of this 

diagnostic questionable in the case of convective instabilities. 

Figure 6.3.4 a shows lines of constant k^oe for the Langmuir waves 

participating in resonant stimulated Raman scattering. These lines are plotted 

as a function of the wavelength of the scattered light detected in the 

experiment. The line labeled kA,De=0.3 shows that for a Langmuir wave to 

have a kXDe=0-3 and be in a resonant Raman process with a 700 ran scattered 

light wave that the electron temperature would have to be approximately 800 

eV. Likewise, for a Langmuir wave with a kXoe=0.3 to be in a resonant 

Raman process with a 645 nm scattered light wave, the electron temperature 

would have to be approximately 400 eV. The Landau damping of the 

Langmuir wave as a function of the parameter kKoe is shown in figure 6.3.4 b. 

The gray line represents the analytic damping on the Langmuir wave valid 

for k ^ o e « l - The solid line represents the numerical damping calculated 

solving the dispersion relation for Langmuir waves in the same manner as 

discussed in chapter 4. For the parameters of this experiment, the threshold 

for absolute instability occurs for kXpe^O^S. When this is used in conjunction 
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with the cutoff of the Raman spectrum shown in figure 6.3.3, the estimated 

electron temperature at the time of the heater beam is approximately 600 eV 

which is higher than the LASNEX prediction of 400 eV shown in figure 6.3.2. 

One of the possible reasons for this discrepancy is that comparing the beam 

intensities above. The LASNEX simulation assumed an intensity of 2x l0 1 3 

W / c m 2 for the heater beam while in the experiment, the heater beam had an 

intensity of approximately 2x l0 1 4 W/cm 2 . This undoubtedly resulted in a 

higher temperature than the prediction of 400 eV. 
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Figure 6.3.4 Concept behind the use of stimulated Raman scattering as a 

temperature diagnostic. Figure 6.3.4 a shows the corresponding temperature 

of the plasma such that a Langmuir wave with a given kXpe product 

participates in a resonant Raman scattering processes with a given 

wavelength scattered electromagnetic wave. Figure 6,3.4 b displays the Landau 

damping of a Langmuir wave normalized to the real part of the frequency as a 

function of kXoe. Figure 6.3.4 b includes Landau damping of the Langmuir 

wave only, although typically collisional damping becomes larger than 

Landau damping when k>»De is less than 0.24, however, this is dependent on 

the parameter noeZ/OTe)1-5. The solid black line represents the numerically 
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calculated Landau damping while the gray line represents the analytic 

expression for the Landau damping which is valid for small kA-oe. 

This diagnostic can also be used in the case of stimulated Raman 

scattering from the 1.053 um interaction beam. In this case, the experiment 

showed that the short wavelength cutoff of the Raman spectrum occurred at 

approximately 1330 ran as shown in figure 6.4.1. The graph corresponding to 

figure 6.3.4 a for the case of the 1.053 \im interaction beam is shown below in 

figure 6.3.5. In the case of the interaction beam, this diagnostic would predict a 

temperature for the plasma of 400 to 500 eV during the time that the 

interaction beam is incident on the plasma. 
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Figure 6.3.5 Corresponding temperature of the plasma such that a Langmuir 

wave with a given kXoe product participates in a resonant Raman scattering 

processes with a given wavelength scattered electromagnetic wave. This 

graph corresponds to Raman scattering with a 1.053 nm interaction beam. 
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The temperature of the plasma was measured by collective Thomson 

scattering from the assumed thermal level ion acoustic waves, the principles 

of which are discussed in detail in chapter 4[107]. Figure 6.3.6 a below shows 

the Thomson scattering measurement from the ion acoustic waves while 

figure 6.3.6 b shows a lineout of the Thomson scattered spectrum which can 

be compared to figure 4.2.1 from chapter 4. The spectrum shown in figure 

6.3.6 b has a peak to minimum of approximately 1.5 and a FWHM greater 

than the ion acoustic frequency as discussed in chapter 4. A comparison of 

these numbers with figure 4.2.3 c and d in chapter 4 shows that this spectrum 

exhibits too much broadening for any useful information concerning the 

ratio of the ion to electron temperature. Without any information regarding 
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Figure 6.3.6 Thomson scattering spectrum taken with an interaction beam 

intensity of approximately 5xl0 1 2 W/cm 2 . Figure 6.3.6 a displays the contour 

plots of the Thomson scattered spectrum showing the peak separation as a 

function of time. Figure 6.3.6 b shows a lineout of the Thomson scattered 

spectrum which can be compared to the CH Thomson scattered spectrum 

generated in Chapter 4 in figure 4.2.1. 
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the ratio of the ion to electron temperature there are considerable error bars 

on the estimation of the electron temperature due to the dependence of the 

spectrum on this ratio as can be seen in figure 4.2.2 a of chapter 4. This 

measurement would place the electron temperature at approximately 400 eV 

with a 200 eV uncertainty in either direction. In addition, this measurement 

was taken with the incident beam intensity of 5x10*2 W/cm 2 . With a higher 

interaction beam intensity, the temperature of the plasma will increase as 

well. 

The upscattering process shown in figure 6.3.3 has been observed in 

several experiments with different interpretations given as to the origins of 

the non-thermal-level Langmuir waves[63,108]. This process brings up the 

interesting point that it could be used as a temporal density diagnostic for thin 

foil 1 \im interaction beam experiments. This could be very useful in 

diagnosing such experiments which typically must rely on time integrated 

measurements of the stimulated downscattering process. With this in mind, 

the short wavelength cutoff of the upscattering feature indicates that the 

maximum density near t=1.52 ns is greater than 12% of the critical density, 

corresponding to a k^oe of approximately 0.19. Although there are higher 

densities present as indicated by the 3/2 a>0 emission, the cutoff in this case is 

likely due to the cutoff of the 1 um Raman spectrum rather than the 

maximum density in the plasma. The wavelength response of the S-20 streak 

camera used in this experiment falls rapidly for wavelengths greater than 800 

nm. It is possible, therefore that the long wavelength cutoff of the upscatter 

feature is due to the streak camera, however, this cutoff of 820 nm also 
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corresponds to kXoe of approximately 0.25. With the use of a dedicated streak 

camera, the short wavelength cutoff of the upscattering feature could provide 

a useful measure of the maximum density present in the plasma as a 

function of time. 

6.4 Experimental results 

Measurements of the Langmuir wave spectra by Thomson scattering 

and the corresponding Raman spectrum are shown in figure 6.4.1. This figure 

was taken with a probe f/# of approximately 3.33 which allowed for a large 

sampling of the wavenumber spectrum of the Langmuir waves. The 

interaction beam had an f/# of approximately 6 which set the geometrical 

spread in the Thomson scattering angle of approximately 9.5 degrees. The 

angular spread measured in figure 6.4.1 a is close to approximately 8 degrees 

which is slightly less than the expected geometrical spread set by the 

assumption that the entire angular spread of the interaction beam is driving 

stimulated Raman scattering. In figure 6.4.1 a, the longer wavelength feature 

represents the Thomson downscattering from the waves that copropagate 

with the laser, referred to as SRS produced Langmuir waves[109]. The central 

feature at 351 nm is a combination of stray probe light and Thomson 

scattering from ion acoustic waves whose frequency shift is less than the 

resolution of the spectrometer. The shorter-wavelength feature represents 

Thomson scattering from Langmuir waves traveling opposite to the laser 

wavevector, referred to as counterpropagating Langmuir waves. These 

counterpropagating Langmuir waves have been interpreted as due to the 
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Figure 6.4.1 Thomson scattering measurement of the Langmuir wave 

spectrum using a f/3.3 probe beam (a) and the backscattered electromagnetic 

waves (b) driven by the 1 pm interaction beam. 
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Langmuir decay instability, as discussed below. Figure 6.4.1 b shows the 

corresponding time-integrated measurement of the scattered electromagnetic 

wave driven by stimulated Raman scattering. In figure 6.4.1 b, the channels 

centered at 1275,1305, and 1510 nm were not functional. 

For the purpose of comparing the different processes observed in the 

experiment it is useful to look at the density range over which they occurred. 

In figure 6.4.1, the Thomson downscatter feature, assuming an electron 

temperature of 500 eV, extends from n e /n C r= : 0.045 to n e / n c r = 0 . 1 1 , 

corresponding to values of kXoe ranging from 0.24 to 0.14, respectively. 

Likewise, the Thomson upscatter feature in figure 6.4.1 extends from 

ne/ncr=0.07 to ne/ncr=0.11, corresponding to values of kA,oe ranging from 

0.19 to 0.14, respectively. The Raman upscatter feature shown in figure 6.3.3 

extends from ne/nCr=0.065 to ne/nCr=0.12, corresponding to values of kX,oe 

ranging from 0.25 to 0.12, respectively. 

Figure 6.4.2 displays the results from a separate shot in which an 

aperture was placed in front of the Thomson probe beam resulting in a f/# of 

approximately 25. In this case, the geometrical spread in the Thomson 

scattering angle was determined by the f/# of the probe beam which produced 

an angular spread of approximately 2.3 degrees. The angular spread measured 

in figure 6.4.2 is approximately 2-4 degrees for the SRS feature. The 

explanation of the Thomson scattered features in figure 6.4.2 is the same as 

discussed for figure 6.4.1. In this case the measured signal was just above the 

detection threshold of the detector which resulted in a reduced signal-to-noise 

ratio. An angular broadening of 2 degrees would indicate a broadening in the 

wavenumber spectrum of the Langmuir waves of approximately 5.5 percent. 
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The modulational instability would predict a broadening in the Langmuir 

wave spectrum proportional to the Langmuir wave amplitude for 

kepw^De=s0.2[49]. For k e p w ^ D e 8 ^ , a broadening in the Langmuir wave 

spectrum of 5.5% would suggest a Langmuir wave amplitude of 

approximately nepw/noe^-S 0/©, which is in reasonable agreement with the 

estimation given below in section 6.5. However, as discussed in chapter 5, the 

broadening of the Langmuir wave spectrum in that experiment did not 

appear to be correlated with the Langmuir wave amplitude as measured by 

the intensity of the Thomson scattering spectrum. 
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Figure 6.4.2 Thomson scattering measurement of the Langmuir wave 

spectrum using a f/25 probe beam. The vertical axis represents the scattering 

angle relative to the center of the aperture on the probe beam. The bottom 

horizontal axis represents the wavelength of the Thomson scattered signals 

while the top horizontal axis shows the approximate percent of critical 

density corresponding to the frequency shift of the Thomson scattered signal. 
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One of the more interesting features observed in figure 6.3.3 was the 

signal level of the Raman upscatter and 3/2 ©o €>mission. These different 

processes are both attributed to Thomson scattering of the incident laser from 

Langmuir waves, although the explanations for these processes differ in the 

source and mechanisms responsible for the Langmuir waves as discussed 

below and in chapter 3. These two features have the same approximate 

spectral energy, showing that although the Langmuir waves are driven at 

different densities, the amplitude of the Langmuir waves being scattered from 

have approximately the same magnitude. 

With the addition of a random phase plate, Thomson scattered signals 

were observed on only one shot in which the stimulated Raman signal from 

the interaction beam saturated the Germanium detector array. This shot did 

not show any evidence of the Raman upscatter feature even though there 

was a short 3/2 o&o emission feature near the beginning of the interaction 

beam. The heater beam Raman diagnostic indicated that the maximum 

density fell below approximately 0.2 ne /n C r early on in the interaction beam 

in contrast to the data shown in figure 6.3.3. The lack of a quarter critical 

surface makes it more difficult for the enhanced Thomson model, which was 

also discussed in chapter 5, to explain either the Thomson upscatter feature 

seen in figure 6.4.1 a or the Raman upscatter feature shown in figure 6.3.3. 

The absence of the Raman upscatter feature in this case could be attributed to 

a number of reasons ranging from secondary effects of the random phase 

plates to the absence of the quarter critical surface. It would be very interesting 

to look at the effect of Random phase plates on the Raman upscatter feature 
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relative to the stimulated downscatter process in an attempt to better 

understand the Raman upscatter feature. 

6.5 Discussion 

The measured ratio of the amplitude of the SRS Langmuir wave, 
nepwSRs/noe/ t o ^ e a m P u t u d e of the counterpropagating Langmuir waves, 
nepwLDi/noe/ is 0.5 ± 0.2. The coupled equations describing SRS and the 

Langmuir decay instability[9] can be used to infer the relationship between the 

amplitudes of the participating waves. With a CH plasma, the Landau 

damping on the ion acoustic waves is approximately ten percent of the ion 

acoustic frequency[110]. The strong damping approximation reduces the ion 

wave equation to an algebraic equation relating the ion wave amplitude to 

the product of the Langmuir pump and daughter wave amplitudes, 

niaLDi _ 1 
f \ CD. 

n oe V Via J k
2 A2 

epwSRS De 

nepwSRS nepwLDi 
n„ Q n„„ oe oe 

(6.5.1) 

where kepwSRS is the SRS Langmuir wavenumber, niaLDi/noe is the ion 

wave amplitude, Xve is the Debye length, and ©ia/via is the ratio of the real 

part of the frequency to the damping of the ion acoustic wave. 

The Langmuir decay instability can saturate the Raman process by 

increasing the damping on the Langmuir wave[9], driving the Raman process 

below threshold for absolute instability. The threshold for absolute instability 

is given by 
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y >0 5v VSSRS i t h (6.5.2) 
'OSRS ^u-JKepwsRS-i v

 W 1 U I v ' 
\ epwSRS 

vepwSRS ~ ^ -^pe 
(n n A 

niaLDi epwLDi 
V n oe n oe 

where (Ope is the plasma frequency, TfosRS is the homogeneous growth rate for 

Raman scattering and V SSRS and VepwSRS are the group velocities of the 

Raman scattered light wave and SRS Langmuir wave respectively. The 

damping is due primarily to the pump depletion term in the SRS Langmuir 

wave equation. Upon combining equation 6.5.1 and 6.5.2 in conjunction with 

the measured ratio of the pump Langmuir wave and the counterpropagating 

Langmuir wave, the SRS Langmuir wave's amplitude was inferred to be 

nepw/ttoe^.O^o,. 

In order for the Langmuir decay instability to explain the results of this 

experiment, this amplitude must be above the homogeneous damping 

threshold for LDI[39], 

ÔLDI > 
fZ v . nepwSRS KpwLPi v i a L D I (6.5.3) 

-\/*epwLDIviaLDi ^ n

 >^KepwSRSADe ^ ' 
oe | C0pe 

where YOLDI is the homogeneous growth rate for the Langmuir decay 

instability and v e p w is the damping on the counterpropagating Langmuir 

wave. Ignoring the damping effects of cascading, the homogeneous damping 

threshold for the Langmuir decay instability near seven percent of critical is 

approximately 0.005. This amplitude is well below the value obtained above 
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suggesting that the Raman Langmuir wave was above the damping threshold 

for Langmuir decay. 

Other explanations for the counterpropagating Langmuir waves have 

been considered. The most straightforward way of producing 

counterpropagating Langmuir waves involves the propagation of the 

Langmuir waves produced by stimulated Raman scattering up the density 

gradient to their reflection point and back. This process, as pointed out in 

chapter 3, results in too much damping of the Langmuir waves to explain the 

observed ratio of amplitudes. Another mechanism involving the reflection 

of Langmuir waves from their critical surface is the direct reflection of 

Langmuir waves, from an ion wave whose amplitude is sufficient to cause the 

local plasma density to become overdense to the plasma wave. While very 

large ion waves might in principle produce densities large enough to directly 

reflect SRS Langmuir waves, this would require large ion wave amplitudes 

(-10%) which would likely quench the SRS itself[56]. 

Another mechanism capable of producing counterpropagating 

Langmuir waves involves the quasiresonant mode coupling of Langmuir 

waves with ion waves[62,64]. In this process a Langmuir wave can couple 

with an ion wave generating Langmuir waves which have a wavevector, k^, 

equal to the original Langmuir wavevector, kepw/ plus an integer number of 

the ion wave's wavevector or kL = k e p W ± n k i o n x . For this process to be 

efficient, the resultant mismatch between the Langmuir waves must be less 

than the frequency variation, Aco, produced by the ion wave, 
Aeo/fflpe =0.5ni a /n o i [62]. Assuming that the two Langmuir wave features 

differed by an ion acoustic frequency, their frequency mismatch would be 
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approximately Ao/aw = 4^Zm^/M7kAD e « 0.'ikXDe. Therefore, for this process 

to be efficient the ion wave fluctuation would have to be approximately 4% 

based on the parameters inferred from the above measurements. In addition, 

the Thomson scattered data from the counterpropagating Langmuir waves 

had nearly the same magnitude wavevector as the copropagating Langmuir 

waves, the two wavevectors being antiparallel. The ion wave which provided 

this quasiresonant coupling would be required to have a wavevector equal to 
^ion = 2 k e p w / n, where n is an integer. The Thomson scattered data shown in 

figure 6.4.1 indicates that the copropagating Langmuir waves observed in the 

experiment ranged from 1.7 k 0 at the lower densities to 1.6 k 0 at the highest 

density where k 0 is the wavenumber of the interaction beam. That would 

suggest that the ion waves would require a wavenumber between 3.4 k 0 / n 

and 3.2 k 0 / n . The source of ion waves typically proposed for this process is 

stimulated Brillouin scattering[64]. Only extreme forward scatter of SBS could 

satisfy the wavenumber conditions above. In that case n would become very 

large and consequently this process would drive a broad range of Langmuir 

waves only a small fraction of which would be observed as the 

counterpropagating feature. Again the measured difference between these 

signals precludes this possibility. 

The enhanced Thomson scattering model[67,96] would predict 

Langmuir waves traveling in both directions of the incident laser. According 

to the enhanced Thomson scattering model, Langmuir waves are produced by 

the bump-on-tail instability between hot electrons and the background 

electron distribution. The electromagnetic wave attributed to stimulated 

Raman scattering would then represent the incident pump beam scattering 
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off these enhanced plasma waves. As discussed in chapter 5, the enhanced 

Thomson scattering model would, however, predict a much broader 

spectrum of Langmuir waves than observed in this experiment. In addition, 

the Thomson scattered signal from the counterpropagating Langmuir waves 

was unaffected by the absence of the quarter critical surface indicating that the 

enhanced Thomson scattering model was not responsible for the production 

of the counterpropagating Langmuir waves. 

6.6 Summary 

In summary, the Langmuir-wave spectra measured by Thomson 

scattering show that Langmuir waves are present which propagate both 

parallel and antiparallel to the laser wavevector. The Langmuir waves 

propagating parallel to the laser's wavevector are expected as they are being 

driven directly by stimulated Raman scattering. The counterpropagating 

waves are not predicted directly from the Raman process itself. A number of 

mechanisms were reviewed as possible candidates for the production of such 

waves, however, as discussed in section 6.5 most of these processes could not 

explain the data observed in the experiment. The presence and properties of 

the Langmuir waves traveling antiparallel to the incident laser's wavevector 

can be explained by the Langmuir decay of the Langmuir waves traveling 

parallel to the laser's wavevector, but not by any other mechanism identified 

in section 6.5. This thus represents the first experimental observation of the 

Langmuir decay instability. 
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Chapter 7 

Summary 

The saturation of stimulated Raman scattering, as well as other instabilities, is 

a difficult problem which will require a great deal of effort in experiments, 

theory, and simulations to understand all of the mechanisms at work and 

their relative importance. This dissertation dealt primarily with the 

experimental observation of the Langmuir decay instability and identified a 

number of possible experiments which could be used to look for other 

saturation mechanisms. The following paragraphs give a summary of the 

results obtained in the previous chapters of this dissertation. 

Chapter 1 reviewed a number of applications in which Raman 

scattering was an important process. The success or optimization of these 

applications is dependent on the saturation of the Raman process. However, 

very little experimental work has been done specifically considering what 

mechanisms are occurring and contributing to the saturation of Raman 

scattering. The goal of this dissertation was to evaluate and observe these 

saturation 
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mechanisms. The experiments performed for this dissertation, described in 

chapters 5 and 6, looked specifically for the Langmuir decay instability 

described in section 2.5. 

Chapter 2 provided an introduction to a number of saturation 

mechanisms and in some cases experimental evidence for the occurrence of 

these mechanisms. It also attempted to show cases when a particular 

saturation mechanism did not explain certain details from experimental data, 

indicating that the mechanism was not responsible for the saturation of the 

amplitude of the daughter waves in that case. The saturation of stimulated 

Raman scattering is clearly dependent on the intensity regime. For example, 

in the short-pulse high-intensity regime, the reflectivity of the Raman 

scattered light was found to be close to ten percent[37]. In contrast, for 

comparable plasmas in the long-pulse moderate-intensity regime, the 

reflectivity would likely saturate at a value closer to 0.1 to 0.01 percent of the 

laser energy. 

In the long-pulse regime, the saturation mechanisms responsible for 

limiting the amplitude of the daughter waves depend on a number of 

parameters. The saturation mechanisms affecting the Langmuir waves tend 

to group most easily by the parameter kA,pe/ which is simply the thermal 

velocity of the plasma divided by the phase velocity of the Langmuir wave. 

Convective instabilities such as forward Raman scattering can saturate by 

plasma inhomogeneity at low laser intensities, however, for higher laser 

intensities other saturation mechanisms limit the amplitude of the daughter 

waves. For large values of k^oe/ greater than 0.3 to 0.4, saturation 

mechanisms such as particle trapping or wave breaking are likely candidates 
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which is consistent with experimental results such as shown in figure 2.10.3. 

For values of k^oe between 0.3 to 0.05, saturation of the daughter wave 

amplitudes is likely dominated by wave-wave saturation mechanisms such as 

the Langmuir decay instability or the electromagnetic decay instability as 

discussed in chapter 6 and 3, respectively. This is supported by the 

experiments described in chapter 6 which observed the Langmuir decay 

instability over the range of kXoe from approximately 0.25 to 0.15, as well as by 

numerous simulations. For smaller values of kXpe/ less than 0.05, 

modulational instability and collapse are predicted from simulations to 

dominate the saturation of stimulated Raman scattering. As shown in section 

2.6, the broadening in the spectrum of the Langmuir waves due to the 

modulational instability increases rapidly for kX-oe l e s s t n a n u - l which is 

qualitatively consistent with simulations. 

The experiments performed for this dissertation involved the 

saturation of Raman scattering in the long-pulse regime, however, 

simulations and experiments performed in the short pulse regime allow 

some deductions to be made. For short pulses at moderate intensities, the 

saturation of the Raman process likely results from the limited gain 

obtainable from the pulse width itself. For higher intensities, however, the 

daughter waves have ample time to grow to large amplitudes. In this short-

pulse high-intensity regime, particle-in-cell simulations have shown that the 

saturation level of stimulated Raman scattering is not dependent on ion 

dynamics[lll]. This indicates that the Raman saturation is not dominated by 

parametric instabilities involving ion waves or by mode coupling or pump 

depletion resulting from stimulated Brillouin scattering. The saturation 
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likely resulted from mechanisms which did not depend on ion waves, such 

as particle trapping, wave breaking, relativistic effects, or pump depletion 

which were discussed in section 2.10,2.9, and 2.4 respectively. In chapter 2, an 

experiment was proposed to verify the saturation of Raman due to particle 

trapping or wave breaking in this regime. 

Chapter 3 examined the electromagnetic decay instability, specifically 

looking for evidence that this instability is occurring in laser-produced 

plasmas. The most compelling evidence that the electromagnetic decay 

instability occurs in laser-produced plasmas comes from (0o/2 emission 

observed in experiments. This coo/2 emission had been attributed to 

Thomson scattering and inverse resonance absorption in previous papers. It 

was shown in chapter 3 that the ratio of energy between the 3co 0/2 emission 

and the coo/2 emission measured in previous experiments was inconsistent 

with the interpretation that the co 0/2 emission from these experiments was 

the result of Thomson scattering. In chapter 3, and in previous work, it was 

shown that without significant perturbations to the background density 

distribution, inverse resonance absorption could not explain the levels of 

coo/2 emission measured in the experiments discussed in chapter 3. To 

explain the levels of (0o/2 emission, inverse resonance absorption, therefore, 

requires hotspots or large level ion fluctuations to convert a larger phase 

space of Langmuir waves into electromagnetic emission. In addition, the 

observed CDo/2 spectra showed a slight red shift which is not predicted by 

inverse resonance absorption. Experiments measuring hot electrons have 

shown that enough energy is contained in the two plasmon decay daughter 

waves to account for the coQ/2 emission. By using the electromagnetic decay 
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instability to explain Q)o/2 emission, the relative levels of 3coo/2 emission and 

(»o/2 emission can be explained by attributing these features to independent 

mechanisms, using the electromagnetic decay instability to explain the too/2 

emission. In addition, the electromagnetic decay instability also allows for a 

slight red shifting of the (Do/2 spectrum seen in the experiments and is 

consistent with the amount of energy found in the CD 0 /2 feature. 

Near the critical surface, Langmuir waves and ion acoustic waves can 

generate transverse currents which drive electromagnetic waves close to the 

frequency of the incident laser. In chapter 3, a model was constructed which 

shows the ratio of the vector potential resulting from the coupling between 

Langmuir and ion acoustic waves driven by the ion acoustic decay instability 

relative to the vector potential driven by Thomson scattering of the incident 

pump from thermal level ion acoustic waves. It was shown that these 

electromagnetic waves can be several orders of magnitude higher than 

Thomson scattering from thermal levels. They can, therefore, provide an 

enhanced noise source from which stimulated Brillouin scattering can grow. 

Chapter 3 also examined the conditions under which the 

electromagnetic decay instability could be driven absolute. The 

electromagnetic decay instability can be driven absolute when its daughter 

electromagnetic wave is driven perpendicular to the density gradient and also 

when the pump Langmuir wave is sufficiently localized. For the case of a 

Raman generated Langmuir wave, these conditions were obtained from 

previous calculations of the Langmuir wave localization distance [78] and the 

general condition for absolute instability given a localized pump[28,87]. In 

addition, the electromagnetic decay instability can also be driven absolute due 
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to the coupling of the daughter wave energy back into the interaction region 

which can occur when the Raman process is being driven primarily by 

hotspots in the laser. For moderate hotspot intensities, the daughter 

electromagnetic wave can become trapped in the resultant density cavern and 

consequently couple back into the interaction region driving the instability 

absolute. 

Chapter 4 presented a review of Thomson scattering in homogeneous 

plasmas and then looked at the effects of inhomogeneities on the Thomson 

scattered vector potential. It also discussed the implications which 

inhomogeneities introduced into the interpretation of Thomson scattering 

experiments. The inhomogeneities primarily caused a broadening in the 

spectrum limiting the information which could be extracted from the Raman 

spectrum. 

Chapter 5 described an experiment which was used to distinguish 

between several models for the electromagnetic emission between coo/2 and 

©o usually attributed to stimulated Raman scattering. The alternative model 

used to explain this emission is known as the enhanced Thomson scattering 

model. In the experiment described in chapter 5, Thomson scattering was 

used to measure the Langmuir wave spectrum associated with Raman 

backscatter. This measurement showed that the Langmuir waves obeyed the 

dispersion relation for Langmuir waves driven by stimulated Raman 

scattering. This experiment found that the Thomson scattered signal was 

observed over a narrow angular range which was consistent with the 

assumption that the Langmuir waves were driven by stimulated Raman 

scattering and inconsistent with the assumption that they were driven by the 
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bump-on-tail instability predicted in the enhanced Thomson scattering 

model. The two plasmon decay instability was driven in solid Carbon target 

experiments, as inferred from measurements of 3/2 ©o emission. Stimulated 

Raman scattering, however, was not detected in these experiments which 

retained a quarter-critical surface for the entire duration of the interaction 

beam. The lack of stimulated Raman scattering was expected due to the low 

convective gain resulting from the relatively steep density gradient. The 

enhanced Thomson scattering model, however, would predict stimulated 

Raman scattering in this case due to the presence of two plasmon decay. 

Therefore, the lack of stimulated Raman scattering in the solid target 

experiments shows that the Langmuir waves were not driven sufficiently by 

the bump-on-tail instability to be measured. 

Chapter 6 described an experiment which was designed to look for one 

particular saturation mechanism of stimulated Raman scattering known as 

the Langmuir decay instability. Again the Langmuir-wave spectra were 

measured by Thomson scattering. In this experiment, the Thomson scattering 

measurements showed that Langmuir waves were present which propagated 

both parallel and antiparallel to the laser wavevector. The Langmuir waves 

propagating parallel to the laser's wavevector were directly driven by 

stimulated Raman scattering, however, the counterpropagating waves are not 

predicted directly from the Raman process itself. These waves require another 

mechanism to reverse the wavenumber of the Langmuir waves directly 

driven in the Raman process itself. A number of mechanisms were reviewed 

as possible candidates for the production of such waves, however, as 

discussed in section 6.5, most of these processes could not explain the data 
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observed in the experiment. The presence and properties of the Langmuir 

waves traveling antiparallel to the incident laser's wavevector can be 

explained by the Langmuir decay of the Langmuir waves traveling parallel to 

the laser's wavevector, but not by any other mechamsm identified in section 

6.5. This measurement provided the first experimental observation of the 

Langmuir decay instability and provided a measurement of the relative 

energy contained in the counterpropagating Langmuir waves. 
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Appendix 2.1 

Derivation of equations describing stimulated 
Raman scattering 

This appendix reviews the derivation of the equations describing the three 

waves participating in stimulated Raman scattering. 

The first step is to derive the equation describing the growth of the 

Thomson scattered vector potential[16]. The derivation begins with Ampere's 

law 

VxB = — J + - 3 7 , (2.1.1) 
c c d\ v ' 

which relates the magnetic field, B, to the current, J, and the rate of change of 
- ' - 1 d A 

the electric field,E. After inserting the relations B = VxA, and E = -V0- — 
cot 

above, equation 2.1.1 may be expressed as 

2 A . _ ( FA 2 V 7 2 A _ , , _ „ T J2X A . ^ - <rVZA = 4ncJ - c zV V • A + — ^ , (2.1.2) d r ^ c <91; 



APPENDIX 2.1 DERIVATION OF EQUATIONS DESCRIBING 184 

relating the vector potential, A, to the current and the scalar potential, 0. The 

transverse component of the scattered vector potential, A t , can be written as 

d2A 
dt2 

t 2^2* - c z V z A t = 4 * e J t . (2.1.3) 

The transverse current, J t, is found from the electron momentum equation 

U + - V(u • u) - ux(Vxu) = ( 2 L 4 ) at 2 

m. 
I d A u 
c dt c v ' n e m e 

without damping, where u, p e , and n e are the electron fluid velocity, 

pressure, and density respectively. By inspection of equation 2.1.4, the 

transverse electron fluid velocity, u t , is equal to u t == eA/cm e where e and me 

are the magnitude of the electron's charge and mass respectively. The 

scattered vector potential can then be written as 

dr m e 

2~ c z V z A t = - — — n e A t . (2.1.5) 

The electron fluid density, ne, can be expressed as a zero order background 

density, noe/ and a first order perturbation, nepW/ representing the Langmuir 

wave fluctuation present in the plasma. Next the transverse vector potential, 

A t , can be separated into components representing the interaction beam, AQ, 

and the vector potential of the scattered electromagnetic wave, A s c a t t - Th e 
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resulting equation describing the growth of the scattered vector potential, 

without damping, is 

{d2 _ 2 „2v2)3£sci*L= ( 2 . L 6 ) 

2 
47rnr,pe 

m e c 
oee fr A \ nepw qA 0 

m e * " "' n ^ m e c 2 

where e ^ K and e 0 are unit vectors in the direction of the scattered and 

interaction vector potentials, respectively. The electron fluid momentum 

equation, equation 2.1.4, also contains the longitudinal component of the 

electron fluid representing the Langmuir wave. The longitudinal electron 

velocity is given by 

<?u> 1 ^ / - -s eEr Vp e 

—k+ v(u-u) = -— k--±f-- (2.1.7) 
ox 2 m e n e m e

 N ' 

Equation 2.1.7 can used in conjunction with the continuity equation for the 

electron fluid, 

^ + V.(n eu) = 0.0, { 2 1 8 ) 

to obtain the equation describing the growth of the Langmuir wave. 

Combining a partial with respect to t of equation 2.1.8 and a divergence of 

equation 2.1.7 produces 
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d2ne en e V-E L f_Vp 
7T~ ~ e " dt1 m c ^ n e m e ; 

(2.1.9) 

1 -^it- - \ ^ n p T-7 - T-7 <? u ^ d V n e - n e V z ( u - u ) - - ^ P - V - u - V n e - - — u -
2 e v y dt e dt at 

The pressure, pe, is assumed to follow the one dimensional adiabatic 

equation of state, p e / n | = constant. The electron fluid density, ne, can be 

expressed as a zero order background density, noe/ and a first order 

perturbation, n e p W / representing the Langmuir wave fluctuation present in 

the plasma. The velocity components can also be expressed as a zero order 

velocity, u 0 = q A 0 / m e c , representing the interaction beam and two first order 

components u s c a t t = q A s c a t t / m e c and u e p w representing the scattered 

electromagnetic wave and the Langmuir wave, respectively. Keeping only 

first order components, equation 2.1.9 can be expressed as 

d n 0 „ w 4;re n~>n, 'epw oextepw 
dY m e 

-3vthV n e p w = (2.1.10) 

noeC2V2 
{ -K q A o qAscatt 
\ m e c m e C j 
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Appendix 2.2 

Rosenbluth model for parametric instabilities 
in inhomogeneous plasmas 

This appendix reviews the calculation of the overall gain for convective 

parametric instabilities in inhomogeneous plasmas [27]. Appendix 2.4 shows 

the substitutions required to transform equation 2.1.6 and 2.1.10 in Appendix 

2.1 to the steady-state equations describing parametric instabilities in the case 

of a linear phase mismatch between the waves which are 

( 

( ;^Ji-\ 
v e + V c 4-fcs = 7o*eexp[ l K * dxJ 

and 

V e _ V e i x T e = r o * s e x p l 

(2.2.1) 

(2.2.2) 

With the following substitutions 

x¥s=®sexp ^-iK'x2^ and *Pe = 4>eexp ̂ ' x 2 ^ 

J 
(2.2.3) 
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the previous equations may be put in a form which can be Fourier 

transformed easily. With the above substitutions, equations 2.2.1 and 2.2.2 

become 

, , XT d<E>s iK"'xT. , , j 
v c O c + V c —r-5- — VS<I>S = 70^>e and "s"*-s * »s dx 2 

_ T r dO e iK"x.T _ _ 
K e^e v e dx 

(2.2.4) 

(2.2.5) 

These equations can then be Fourier transformed into the following 

equations 

v s + 1 k V s + - ^ -

. , „ K"Ve d 

^ s ( k ) = r 0 ^e(k) and 

<Mk) = 7o<Mk). 

(2.2.6) 

(2.2.7) 

These two equations can then be combined into a single equation describing 

the gain for the coupled modes participating in the parametric instability. 

This equation is 

XT'2 d2 KT'TVp Vs + —I —£- + —̂  
4 dk 2 2 ^ V e V s , 

r 2 - • - ' 

d .K',2 I — + k 
dk 2 

(2.2.8) 

— e - s -+ ik 
v s v e v s v e 

>i 
y e y s 

vV e V 8 , 
4>e(k) = 0. 

Neglecting damping on the daughter waves, v e = v s = 0, this equation reduces 

to 
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d2<Mk), 4 
dk 2 K'2 2 V s V e 

O e(k) = 0. (2.2.9) 

This is then solved by the WKB method[27) integrating between the zeros 

<&e(k)«exp« 2r? 
v s v e . . _j ¥j^*> (2.2.10) 

The amplitude gain, assuming a linear phase mismatch, for the coupled 

mode described by the above equations is then given by 

3>e(k)~expj 
ny2 

VsVeK' 
(2.2.11) 

This approach has also been used to calculate the gain at the top of a 

parabolic profile in which the wavenumber mismatch does not contain a 

nonzero derivative in the wavenumber mismatch. This is the case for 

stimulated Raman forward scatter on the top of a parabolic profile. The 

equations describe forward stimulated Raman scattering from the top of a 

parabolic density profile. The inhomogeneity in the light wave equation has 

been ignored in comparison with the inhomogeneity effects in the Langmuir 

wave equation so that the resulting equations, 

Vs + V s ' c l ) ^ s = 7 o , I / e a n d (2.2.12) 
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i©2 x 2 d ^ 
(2.2.13) 

can be Fourier transformed into a single second-order differential equation 

which can be solved using WKB theory. The above two equations can then be 

Fourier transformed into the following equations 

[v s+ikV s]a> s(k) = 7 o4> e(k) and 

v e + i k V e + tope d 2 

2(0^ dk 2 *eflO = 7o<Mk). 

(2.2.14) 

(2.2.15) 

These two equations can then be combined into a single equation describing 

the gain for the coupled modes participating in the parametric instability. 

This equation is 

d 2 1 

<• 

- k 2 + ik v e + v s 

lVe V j v sv e 

dk 2 K" 
) 

(2.2.16) 

*e0O = °-

Neglecting damping on the daughter waves, v e = v s = 0, this equation reduces 

down to 

d2 J_ 
K" dk 2 k + TL^ 

k V 8 V j 
<De(k) = 0. (2.2.17) 
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This is then solved by the WKB method integrating between the zeros 

3>e(k)<*exp 4 y 0

L 15 

Kv s v e rv^ JVH^J (2.2.18) 

The amplitude gain, assuming a linear phase mismatch, for the coupled 

mode described by the above equations is then given by[29] 
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Appendix 2.3 

K-space resonance width for steady state 

The k-space resonance width is determined by Fourier transforming 

the coupled homogeneous equations describing parametric instabilities 

d*F 
VepW*e p w + V ^ - j J E - = yX + S(x) and (2.3.1) 

v V ' + V ——s- = y*P (2.3.2) 

The Fourier transformed amplitude is given by 

•+ik 
* e p w ( k / ~ / 

gs 

gepw -k 2+ik 
f v. . v, 

N» . , 2 
s • e P w 

v v 
y + v v 
V V 

gepw v gs y 

(2.3.3) 

The square of the absolute magnitude of the Fourier transformed amplitude 

is then 
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g ( k ) ^ e p w ( k ) * ; p w ( k ) = (2.3.4) 
( \ 

8 s 

+ k' 

V; gepw k 2 + r?-v. s yepw 
V gepw V gs j 

+ k' 
\2 

"epw 
V V ^Vgs v g e p w j 

Provided v s V g | « Jy%- v s v e p W ( v g e p W V g S ] ' , g(k) has it's maximum value 

when k = J y ^ - v s v e p w ( V g e p W V g s j ' at which point g(k) has the value 

g ( k ) = ^ e f w ( k ) ^ : p w ( k ) = 

V 2 

gepw 

f„2 v. . v, epw Y - V V to rs r epw 

~V V 
^ v gepw v gs J \ ' gs gepw y 

\ 2 > L 

V M V„ 

(2.3.5) 

The k-space resonance width is now found by looking at the full width in k-

space at half maximum of g(k) given in 2.3.5. This k-space resonance width is 

t h e n 

Ak = 
3(7? " v s V e p W ) 1 

V V v gepw v gs 
+ — 

2 
Vs , vepw 

V V V v gs vgepw 

(2.3.6) 

1 
6(y?-V sVepw) 

V V v gepw v gs 
"epw 

V V, gepw; 

'r?-vPv, \ 
sKepw 

V V V v gepw v gs J 

0.5 
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/ N-0.5 
With no damping Ak<*= 7o(V e p w V s ) and in the strong damping limit 
where v e p w » r 0 V g ^ w V ^ ' 5 , Ak ~ v e p w V ^ p w . 

The length over which the parametric instability can grow is 

determined by plasma inhomogeneities which dictate the length over which 

the waves become detuned. The wavenumber mismatch between the waves 

participating in the parametric process can be Taylor expanded about the 

perfect-phase-matching-point, x 0 , to see how the how the phase changes with 

distance. Using this prescription, the wavenumber mismatch is given by 

Ak(x) = [k 0 (x ) -k s (x ) -k e (x ) ]« ( 2 3 7 ) 

Ak(x0) + ( x - x 0 ) ^ | x + 0 . 5 ( x - x o ) V | x , 
o o 

where it is assumed that at the perfect-phase-mismatch-point, XQ, Ak(xo)=0. 

The interaction length, X-XQ, is found by equating the wavenumber resonance 

wid th to the Taylor expanded wavenumber mismatch, 

/o( v gepw v gs) o e ( x ~ x o ) * 1 x +0.5(x-x o ) K"\X . In the case of a linear 

m i s m a t c h , n e g l e c t i n g d a m p i n g , K ' > > K " and 

Llin=( x ~ x o) o c /o , c / ~ 1 (VgepwVgs) • However, in the case where K'=0, the 

interaction distance is given by L p a r = (x - x 0 ) «= Y®'5K' '~~°'5 (Vg e p wVgs J * in 

the undamped case. In the strong damping limit, v e p w » 7 0 V ^ W V ^ ? * 5 , the 

interaction distance in the case of a linear phase mismatch is given by 
1 —1 

Llin °° ^pw^gepw^' a n c * in the case of a parabolic phase mismatch is given 
bvL ocv 0 ' 5 V 0 - 5 jr'* - 0-5 °y Lpar * v e p w v g e p w x : 
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The homogeneous solution to equation 2.1 and 2.2 is given by 

Y e p w o c e x p x< -0.5 
U epw | Vs 

^ V g e p w v g s ; 
+ ,0.25 

u epw | Vs 

VVgepw V g s 
To ^epw^i epw^s 

8 s g e P w 

Neglecting damping, the homogeneous amplitude is reduced to 
\-0.5~ 

¥ aexp 7 o x ^ g e p W VgS J In the s t rong d a m p i n g l imi t , 

vepw»70

v(gepwv^'5' t h e homogeneous amplitude is given by 

^epw o c e x P x7ovepwVgs • The parameter dependence of the inhomogeneous 

gain is found by inserting the interaction length into the expression for the 

homogeneous gain above. The parameter dependence for the gain in a 

plasma with a linear phase mismatch neglecting damping is therefore given 

by G s r s «* TofVgsVgepw'H • As shown in Appendix 2.2, % is the correct 

numerical coefficient giving the expression for the amplitude gain with a 

l i n e a r p h a s e m i s m a t c h b e t w e e n t h e w a v e s as 

¥ epw exp nTo [ * gs " gepw K J In the strong damping limit, the parameter 

dependence for the gain in a plasma with a linear phase mismatch is also 

given by 
Gsrs oe Jo^gs^gepw^ J which has the same parameter dependence 

as the undamped case. The parameter dependence for the gain in a plasma 

with a quadratic phase mismatch neglecting damping is given by 
G srs °= 7o' 5(Vgs vgepw) v " - 0 , 5 . As shown in Appendix 2.2, 3.496 is the 

correct numerical coefficient giving the expression for the amplitude gain 

wi th a quadrat ic phase mismatch between the waves as 

^epw x e x P 3 - 4 9 6 7 j ' 5 ( V g S V g e p w ) ' K:' , _ 0 - 5 . In the strong damping limit, the 

parameter dependence for the gain in a plasma with a quadratic phase 
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mismatch is given by G s r s « y%( Vepw ĝepw** j V^with 4.45 giving the 

correct numerical coefficient for the amplitude gain. 
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Appendix 2.4 

Numerical solution of Rosenbluth equations 

This appendix details the numerical calculation for parametric instabilities 

driven from a linear phase mismatch. This calculation solves two first-order 

coupled partial differential equations by the method of characteristics which 

has been used previously to investigate these equations[112]. With very slight 

modification, the code given below can treat forward and backward scattering, 

quadratic phase mismatches, background density perturbations, convective or 

absolute instabilities, etc.. 

From Appendix 2.1, the equations describing the growth of the 

daughter waves participating in stimulated Raman scattering are 

d? 
+ cot^-(rV 2T72 

A - A 

'pe 
3 A scatt_ ,„2 nepw qApump 

2 = — fi)pe—-L— r 2* a n < ^ 
m e c n oe m e c 

(2.4.1) 

O 2 
2 r72 —2+o£e-3VthV 

ox 
n, / -

€ £ w = c 2 v 2 
n, oe 

qAscatt qApump 
2 " 2 m p c m P c V e e / 

(2.4.2) 
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These equations can be further simplified by writing the vector potentials and 

the Langmuir wave fluctuation as a slowly varying component multiplied by 

a r a p i d o s c i l l a t i o n , o r m o r e p r e c i s e l y 

-3—^- = —4 /

a (x / t )exp( iJk a -dx- iGrt)+c.c . . T h e a s s u m p t i o n t h a t 
m e c 2 v i 

* y «(*'*) < < k y g ( x , t ) and d%¥"(x,tK<a>Va(x,t) r educes the above 

equations to the following first-order partial differential equations 

3 T + v sca t t + Vscatt " ^ ^ dx scatt (2.4.3) 

-co E£_ 
4io, scatt 

^epw^pum pexp(ijAk(x)dx) and 

JL + V +v •—V ^ t

 + v e p w - v e p w ^ j j F e p w 

- c 2 k 2 

*- *>epw 
4ifi), 

(2.4.4) 

epw 
^^catt^pumpexpf-i J Ak(x)dx), 

where Vepw and v S c a t t are the damping of the Langmuir wave and the 

scattered electromagnetic wave respectively. The Taylor expanded phase 

mismatch for a linear profile is Ak(x) = k p U m p - k e p w + k s c a t t = K^(X 0 )X. 

Making the further substi tut ions ¥ e p w = 0 e pw( - i W c 2 kepw/ 4 G > epw and 

^scatt = ^scattA/^pe/^scatt allows equations 2.4.3 and 2.4.4 to be written in 

the form 

dt 
•+ v, scatt + V, scatt dx 0scatt = 7o0epwexp 

^ and (2.4.5) 
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' d d ' 
— + V e p w ± V e p w J - ^ 0epw = 7o^scattexp - l 

2 j 
(2.4.6) 

where yo is the homogeneous growth rate for stimulated Raman scattering 

defined as y0 = k e pwC¥pump^pe/( 4^epw®scatt)- The above equations are 

then normalized with the variable substitutions T=y 0 t and 

% ~ Yox/JVepwVscatt • These variable substitutions allow equations 2.4.5 and 

2.4.6 to be written as 

( 
<L + iVscatt d 

dt KVpnu, dX repw 
4 scatt 

vscatt 
Yo 

0scatt + 0epw e x P 
i K^epw Vscatt 2 

2 ri Z 
and 

(2.4.7) 

<?^~1 Vscatt d% 

\ 

'epw 

Kepw 
Yo 

0epw + 0sca«exp 
-i K^epw * scatt 2 
2 J* * 

(2.4.8) 

The method of characteristics can be used to numerically solve equations 2.4.7 

and 2.4.8 by integrating along the characteristic. The substitutions required for 

the method of characteristics are I -X+^-J^evvfp^scaxt a n £ * 

rj = X~ A/V s c att/V epw • Equations 2.4.7 and 2.4.8 can now be written as 
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dfr epw _ 
V, scatt 

i y "epw 

V, 
+ . epw 

'scatt 

Kepw 
7o 

0epw + ^scatt^xp 
-i *iVepwVscatt 2 

V A J) 
and 

3ft 'scatt _ ±1 
d 77 V, scatt 'epw 

'V, epw 'V, scatt 
/ . 

^scatt 
Yo 

0scatt + 0epw€Xp 
i K^epw *scatt 2 

2 yt x 

J) 

(2.4.9) 

(2.4.10) 

Figure A.2.4.1 shows a graphical representation of the method of 

characteristics. The spatial and temporal step used in the numerical 

evaluation of equation 2.4.9 and 2.4.10 are chosen to fall along the intersection 

of the characteristics as shown in figure A.2.4.1. The relationship between the 

spatial step, A%, and the temporal step, Ax, is given by Ax = &*JVepvr/Vscatt • 

The relationship between the change in the characteristic variables is given by 

Ar; = — Af, and the relationship between the characteristic variable and the 
( , rr, \ 

temporal time step is given by A£ = AT 

equations used in the program are 

0epw (V + AT?, £) = 0 e p w (»?,£) + AT* 

V. scatt 
V, + ,, epw 

epw 'V, scatt 
The differenced 

(2.4.11) 

Kepw 
7o 

0epw(^ I ) + fccattfa/ D e x P 
r . i j cv , epw * scatt 2 

J£ y 
and 
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0scatt(>7' I + H) = 4>scaXt(V> §) + A T * 

^scatt 
7o 

0scatt(»7/l) + ^epw(n/l)exp 
V 2 

epw^scatt 2 
r 2 Z , 
To J) 

(2.4.12) 

lines of 
constant % 

2 D t - ^ 

At M 

lines of 
constant n 

Ax 2A% 3A% 4AX 

Figure A.2.4.1 Grid spacing used in the numerical program in the case of 

backscatter where the group velocity of the two waves are opposing. 

The actual program follows: 

C This program will look at the overall Rosenbluth gain 
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C for forward scattered daughter waves. 
C This version uses method of characteristics. 

PARAMETER (NSTEP=2000) 
COMPLEX ScaNew(-NSTEP:NSTEP),Sca01d(-NSTEP:NSTEP), 
!EpwNew(-NSTEP:NSTEP),Epw01d(-NSTEP:NSTEP),i, 
!Disp(-NSTEP:NSTEP),NuL,NuE,DTs,DTe, 
!ScaTime(0:NSTEP) 
REAL Gamma, NuLight, NuEpw, Vratio, Time, VLight, 

!DT,DX, VEpw 
INTEGER NITER, Vrat 
open(unit=13,file='Expdet0',status=,unknown') 

close(unit=13,status='delete') 
open(unit=13,file='Expdet0',status='unknown') 
open(unit=14,file='Expdetl',status='unknown') 

close(unit=14,status='delete') 
open(unit=14,file='Expdetl ,,status= ,unknown') 
open(unit=15,file= ,Expdet2 ,,status= ,unknown') 

close(unit=15,status='delete') 
open(unit=15,file='Expdet2',status='unknown') 
open(urut=16,file='Expdet3',status='unknown') 

close(unit=16,status='delete') 
open(unit=16,file=*Expdet3',status='unknown') 
open(unit=17,file='Expdet4',status='unknown') 

close(unit=17,status='delete') 
open(urut==17,file='Expdet4,,status='unknown,) 
open(unit=18,file= ,Exptime ,,status='unknown') 

close(unit=18,status='delete') 
open(unit=18,file='Exptime',status=,unknown') 

i=CMPLX(0.,l.) 
10 PRINT *, 'Enter THE TOTAL NUMBER OF TE\fE STEPS (0 TO STOP)' 
12 PRINT *, 'SUGGEST 1200.' 

READ *,NITER 
IF (NITER .EQ. 0.) STOP 

14 PRINT *, 'ENTER Gamma, NuLight, NuEpw, and Vratio' 
16 PRINT *, 'SUGGEST 1.0, 0.0, 0.0,1.0' 

READ *, Gamma, NuLight, NuEpw, Vratio 
IF (Gamma .EQ. 0.) STOP 
VLight=SQRT(Vratio) 

C forward scattering uses +VEpw 
VEpw=1.0/SQRT(Vratio) 
DT=0.00125 
DX=DT/SQRT(Vratio) 
Vrat=Vratio 
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C setup initial wave amplitudes 
DO 20 IX=-NSTEP,NSTEP 
ScaOld(IX)=CMPLX(0.000,0.) 
ScaNew(IX)=CMPLX(0.000,0.) 
EpwOld(IX)=CMPLX(0.000,0.) 
EpwNew(IX)=CMPLX(0.000,0.) 

Disp(IX)=0.5*i*(REAL(DX*IX))**2.0/Gamma 
20 CONTINUE 

DO 25 IM=-NSTEP,NSTEP 
C this ensures a smooth output 

EpwOld(IM)=CMPLX(lv0.) 
25 CONTINUE 

C end setup initial wave amplitudes 
C verify initial wave amplitudes 

DO 30 IV=-NSTEP,NSTEP 
C PRINT VEpw=',Epw01d(IV)/ PmpMag=',CABS(Epw01d(rV)) 
C PRINT */'Disp=,,Disp(IV) 

30 CONTINUE 
C end verify initial wave amplitudes 

Time=0. 
C time loop 

NuL=CMPLX(DT*NuIight,0.0) 
NuE=CMPLX(DT*NuEpw,0.0) 
DTs=CMPLX(DT,0.0) 
DTe=CMPLX(DT,0.0) 

C PRINT *, N u ^ N u E ^ t s ^ t e 
C take care of boundary conditions 

DO 35 IP=-NSTEP, -NSTEP+Vrat 
EpwNew(IP)=CMPLX(1.0,0.0) 

35 CONTINUE 
C end boundary conditions 

DO 40 ITER=1, NITER 
Time=Time+DT 
ScaTime(rTER)=ScaOld(0) 

C fill out amplitude arrays at new time step 
DO 50 IX^NSTEP+Vrat, NSTEP 
ScaNew(DC)=Sca01d(LX-Vrat)-

! Sca01d(IX-Vrat)*NuL+ 
! DTs*Epw01d(IX-Vrat)*CEXP( 
! -Disp(IX-Vrat)) 

EpwNew(IX)=Epw01d(IX-l)-
! Epw01d(IX-l)*NuE+ 
! DTe*Sca01d(DC-l)*CEXP(Disp(IX-l)) 
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50 CONTINUE 
DO 60 JX=-NSTEP, NSTEP 
Sca01d(JX)=ScaNew(JX) 
Epw01d(JX)=EpwNew(JX) 

60 CONTINUE 
IF (ITER.EQ. 3) THEN 

write(13,*)/Mag. of As'/Z/Mag. of Epw';;;position' 
DO 70 JX=-NSTEP, NSTEP, 4 

write(13,*),CABS(Sca01d(JX)),y, 
! CABS(Epw01d(JX)),y,JX*DX 

70 Continue 
close(unit=13) 

Else IF (ITER.EQ.NITER/2) THEN 
write(14,*),'Mag. of As'/Z/Mag. of Epwy/Zposition* 

DO 75 JX=-NSTEP, NSTEP, 4 
write(14,*),CABS(Sca01d(JX)),y, 

! CABS(Epw01d(JX))/,',JX*DX 
75 Continue 

close(unit=14) 
Else IF (rrER.EQ.2*NITER/3) THEN 

writeClS/VMag. of As'/Z/Mag. of Epwy/Zposition' 
DO 80 JX=-NSTEP, NSTEP, 4 

write(15,*),CABS(Sca01d(JX))//, 
! CABS(Epw01d(JX))/,',JX*DX 

80 Continue 
close(unit=15) 
Else IF (rrEPx.EQ.5*NTrER/6) THEN 

write(16,*)/Mag. of As'/Z/Mag. of Epw'/Z/position' 
DO 85 JX=-NSTEP, NSTEP, 4 

write(16,*),CABS(Sca01d(JX))//, 
! CABS(Epw01d(TX)),V,JX*DX 

85 Continue 
close(unit=16) 
Else IF (ITEREQ.NrrER-1) THEN 

write(17,*),'Mag. of As'/Z/Mag. of Epwy/Zposition' 
DO 90 JX=-NSTEP, NSTEP, 4 

write(17,*),CABS(Sca01d(JX)),'/, 
! CABS(Epw01d(JX))//,JX*DX 

90 Continue 
close(unit=17) 

END IF 
40 CONTINUE 

write(18,*),'Mag. of As',V,'time' 
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DO 95 IL=l,NrrER,5 
write(18/*)/CABS(ScaTime(IL));/,IL*DT 

95 CONTINUE 
close(unit=18) 
END 
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Appendix 2.5 

Saturation of forward Raman scattering due to 
ponderomotive detuning 

This chapter details the derivation of the Langmuir wave's saturated 

amplitude due to ponderomotive detuning. This saturation mechanism was 

proposed as a saturation mechanism for stimulated Raman forward scattering 

and the derivation contained in this appendix follows the original paper [38]. 

The approximations made in this derivation, as well as their consequences, 

are discussed in chapter 2 section 2.7. 

The derivation begins with the equations describing the low frequency 

response of the ion and electrons due to the ponderomotive pressure of the 

high frequency waves. This equation can be derived from the momentum 

equation for the electrons and the continuity and momentum equations for 

the ions. Upon neglect of the electron inertial term in the electron 

momentum equation, the ion density perturbation, n u , can be written in 

terms of the electron density perturbation, n e l , as 
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Zn a = n d - v 
\ 2 

th 

v ^ y 
V 2

n 5ss_V2(u2 + u 2 ) (2.5.1) 
2(0 I» 

where Z is the charge state, u e h is the oscillation velocity from the high 

frequency Langmuir wave, and u 2 0 S is the oscillation velocity from the high 

frequency electromagnetic daughter wave. The continuity and momentum 

equations for the ions can be combined to relate the ion density perturbation 

to the low frequency electron perturbation and the results combined with 

equation 2.5.1 to give the equation expressing the low frequency response of 

the electrons to the high frequency fields. This equation can be written as 

at ~cfV 2T?2 £e 
n„ 

Zm e 

2M, 
V 2 ( | u e h f + | u 2 0 S | 2 ) , (2.5.2) 

where n e l / n 0 e is the amplitude of the low frequency response, me is the 

mass of the electron, Mi is the mass of the ion species, and cs is the sound 

speed. Equation 2.5.2 is essentially the low frequency Zakharov equation. 

Making the quasi-static approximation, B/Bt« c s3/3x, equation 2.5.2 becomes 

n„ 
el _ u eh I U, 

V th V th 

(2.5.3) 

where 2.5.3 has been averaged over time removing high frequency 

components. The equation representing the amplitude of the Langmuir 
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wave, nepw/ n oe> participating in Raman scattering is derived in the same 

manner as shown in appendix 2.1 and is given by 

3f 2 1 n f> l l + _ e j _ 
V noeJ 

3*Te v 2 
mc 

n, epw _ C 2 V 2 
n, oe 

qAscatt qApump 
v̂  m e c m e c j 

(2.5.4) 

The equation representing the scattered vector potential, AScatt/ is given by 

dl 2 
^ 2 + < V 

/ 
1 + 

n el 
n, 

. C 2 V 2 
oey 

qAscatL_ 2 nepw qApump 
_ „2 ~ w?e n m J. 
m e c n ^ m e c 

(2.5.5) 

The low frequency response shown in equation 2.5.3 can be inserted into 

equations 2.5.4 and 2.5.5 to produce the equations 

dt 

= c 2 V 2 

2+*>pV 1-1 
2 

( 
1 n e p w 

fc ^oe n o e 

qA scatt 
m e c ' 

2YI 

J) 

._3^kv2 

m c 

nepw (2.5.6) 

n, oe 

qAscatt qApump 

v m e c m e c j 
and 

& 2 , 1 n e p w 

* ^oe n o e 

qA scatt 
m e c 

2\ 
C2V2 qA scatt 

m e c 

_ 2 nepw qApump 
_ P 6 « 2 n oe m e c 
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These equations are reduced by assuming that the Langmuir wave amplitude 

and the vector potentials can be written as a slowly varying component 

multiplied by a fast oscillation or 

^pump = ( q A p u m p / m e c 2 ) = 0.5^ o (x / t)[exp(ik o x-i© o t) + cc.] / (2.5.7) 

^scatt = (qAscatt/ m e c 2 ) = °- 5 [¥ s(x,t)exp(ik sx -icost) + c.c], and 

^epw = ( n e p w / n o e ) = 0-5 [^epw(x^)exp(^epwx " ifi>epwt) + c t j 

When the equations in 2.5.7 are inserted into 2.5.6 and the dispersion relation 

for the waves are used, the equations can be written as 

G> pe 
8 ^JS-epw^De 

|2 c z , ,2 
xepw T 2 I s 

v th 

A 

^epw 1^vQikepw -* 
J 

^ y e p w (2.5.8) 

fl), 

-c 2 k 2 

^ L y 0 ¥ * and 
2 f 
pe 
8 

-COr 

\ 

k 2 I2 

y^epw^De 

¥. epw 
|2 c z 1 .2 

^ 2 I si 
* ..2, dV 
s s ax 

V 

_ w pe ¥„¥. epw' 

The above two equations plus their complex conjugates represent the four 

equations which must be solved. These equations can be written as 
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dV 
aWepW-W-^L = Ylx¥*S> epw -, d x 

cW*epVf+iB-
<?¥* epw 

dx = 7l**V 

(9 *P 

a*P +i7j-
dx 

s _ YlV * 
epw 

(2.5.9) 

where °—f kLA 2 I*"" V̂  epW'De 
2 

f + ^ W 2 / P = 3v 2

t t lk e p w / Y l = 
V t h 

, 2 i , j . , — P g _ y Tj = c z k s / and y2 = • 

- c 2 k 2 

aN» epw I •1 7l P 
dx 

. <? 
jS y 2 dx 

£~^ Y s T epw + Y

s

Y e p w J I « fl R T s T epw T s x e p w / ' 

( ^ e p w " * s * e p w ) " « P j " ) V s * e p w + * s * e p w ) = dx 

Y\ 72 

2 

(2.5.10) 

These equations can be combined into a single equation 

»F epw 
dx' 

• + • a *¥ epw fin *F epw = 0. 
(2.5.11) 
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I I2 

For p'epw « 1 / the solution to the above equation is approximately 

^epwl ~ e x p ( 2 x y 0 / y v s V e p w ) where y 0 / ^ v s V e p w = ̂ Ytr2/(Pn)- Saturation 

happens when the left most terms in equation 2.5.11 balance each other or 

when 

n epw/ n oe = ° - 5 k \ e , I TOSRS 

CO, pe 

v epw 
N.0.25 

(2.5.12) 
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Appendix 2.6 

Saturation of forward Raman scattering due to 
relativistic detuning 

This appendix details the derivation of the Langmuir wave's saturated 

amplitude due to relativistic detuning. The derivation presented in this 

appendix assumes that the laser intensity is small enough that the electrons 

do not experience relativistic motion due to the laser itself. 

The equations describing stimulated Raman scattering can be derived 

from Maxwell's equations in conjunction with the relativistically correct 

fluid equations. The starting point for this derivation will be the relativistic 

momentum equation given by 

^ + u-Vp = qfE + ^ x B V ^ (2.6.1) 
at v c J n 

where p = , ° , n . The resultant derivation will consider Raman forward 

scatter as a three wave process. Forward Raman scattering can involve four or 

more waves when this process occurs at low densities where the plasma 
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frequency is much less than the incident laser frequency. The transverse 

components of the momentum equation above show that the transverse 

momentum, p x , may expressed in terms of the vector potential, A ± / as 

p 1 = - q A x / c . 

The equation representing the daughter Langmuir wave is 

C( l - (u o s / c ) 2 ) | c (u o s / c ) 2 ^>(u o s / c ) 2 / ^ | (2-6.2) 

-{tlcf - ( u o s / c ) 2 ) 3 / 2 l[l-{c/cf - ( u o s / c ) 2 ) 3 / 2 

(coje - 3 v 2

h V 2 ) c = - = J T ^ l - ( f / c f - ( u o s / c ) 2 v ( A ± • A o s ) , 

where £ is the spatial displacement of the electron fluid in the wave and is 

related to the Langmuir wave amplitude by jn i e/n o ej = |V^|. The equation 

describing the electromagnetic daughter wave may be expressed as 

( i2 . i — — i . _>i 

V * 2 

L ± = (2-6.3) * + ^ ^ l - ( C / c ) 2 - ( u o s / c ) 2 - c 2 V 2 

-( B

2

e Jl-(C/c) 2 -(u 0 S /c) 2 ^A 0 S , 
l ino 

where uos is the oscillation velocity of the electrons in the electromagnetic 

wave. Specifically, u 0 s may be written in terms of the vector potential of the 

incident electromagnetic wave, 

{njcf =( l - (c /c) 2 ) (qA o s /m e c 2 ) 2 / [ l + ( q A j m e c 2 ) 2 ] . (2.6.4) 
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After making the substitutions T|=copeC/c, x=copet, X = 0 ) p e x / c , the vector 

potentials and Langmuir wave amplitude is written as a slowly varying 

component multiplied by a fast oscillating term, 

Vos = ( t f A w / ^ 2 ) = 0-5**F0(f)[exp(ik0c2 / (ope -icoQt / CDpe) + c c ] , (2.6.5) 

V± = (<]A±/mec2) = 0.5|VS(*) * exp(ik sc* / wpe - icost / (Ope) + c. c], 

and r] = 0.5K(f) * exp(ikpc£ / o)pe - icopt / mpe)+c. c.. 

Using the dispersion relations of the waves, equations 2.6.2, 2.6.3, and 2.6.5 

can be reduced to 

( „ \ 2 i ei2 CD 

K<°pe) 8 s cope

 s 4wpe* ° 

( m \ 2 I el2 
1 -

V 

CD, 

\ Ve J 

Iff 
J 

m |£ | * r<\- . * iknC C0r 

yOpe) 8 0Jpe 4cope 
' SW 1 -

\°pej 

8 

f ,, \* CD 

K^Vej 

r ,.. \ 

...2. f

f f lP^.-^-fcs)^ 0y 
fi)pe G ) p e 4 

*( 
1-

o 
^ p e ; (Ope COpe 4 

J 

r ^2 
Q>p 

rco^ 

K**) 

4 

Hi! 
4 

(2.6.6) 

,and 

These four equations may be simplified combined and written as 
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dA 
dx 

= cC, (2.6.7) 

dA _ co$ dB 
dx Op dx' 

dC G>I> 
dx o)s 

(0, 2-B+A 
1®V 

, and 

dD_ 
dx 

ixAC = 0. 

In equation 2.6.7 above, A = £f, B = |¥ s | 2 , C = [ ^ S + | X ] / D = [ ^ . - ^ ] / 

a(A) = 1 -
'a>. ^ 

2 . . , , \ 

K^J 4 
k p c¥ 0 —E , a n d JC = 
4<o„ 

' f f l ^ 

v<Vy 
1 

+ -
8 

The second 

equation in 2.6.7 expresses conservation of action. The four equation in 2.6.7 

can be used to eliminate all of the variables except A, resulting in the 

equation 

d 2A . 2co p JC2

 A 3 _ — 4 a 2 _ E . A + — A 3 = 0 . dx2 o)s 2 
(2.6.8) 

For A « l , the Langmuir wave amplitude grows like A = A 0 e 2 r t , where the 
1(0 

homogeneous growth rate y = a(aveJ—E-. Saturation happens when the left 
K s 

most terms in equation 2.6.8 are equal or when A = —. The saturation 
7t CO 

pe 

amplitude of the Langmuir wave is therefore, 
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Appendix 3.1 

Numerical calculation of the scattering 
version of EDI from an inhomogeneous 
plasma 

This appendix details the numerical calculation for the scattering version of 

the electromagnetic decay instability. From chapter 3, the equation describing 

the growth of the scattered vector potential is 

. * * dx2J 
q Asc _ m2 n i a 

/ 
= -<Q 2 ~ w pe „ m e c r n o e 

®epw nepw 
^C^epw n oe J 

(3.1.1) 

where n e p w / n o e a n d n i a / n o e a r e the pump Langmuir wave amplitude and 

the ion acoustic amplitude, respectively and A s c is the vector potential of the 

scattered light wave. The pump Langmuir wave and ion acoustic wave 

a m p l i t u d e s a re a s s u m e d to be of t h e form 

—— = -y¥a(x)exp i(fk a-dx-G> atj +c.c . The scattered vector potential is 

QA 1 assumed to be of the form -±—§§- =—*Fs(x)exp[-kDst]+c.c. The steady state 
m e c 2 2 

form of equation 3.1.1 can be written as 
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dx^ 

2 "\ 

c 2 L n 

co^co, 
^s(x) = 3 P ^ K P w ^ i a ) e x p 

2c 3k 
epw 

IK X (3.1.2) 

where the wavenumber mismatch of the pump Langmuir wave and the ion 
acoustic wave has been Taylor expanded, lk i a(x) + k w (x)]-dx« JT'X, about 

the perfect phase matching point. The spatial coordinate is normalized 

according to X=K'°-5X. Equation 3.1.2 can then be written as 

dx2 -to ^sU) = « 7 e xP iZ (3.1.3) 

\ - l -1 where <y = (ole(oepw(yVepw

yi,

ia)[2c3kepwK')j and f = a>je(<?Lnk'15) 

Equation 3.1.3 was treated as a boundary value problem in which *Ps=0 at the 

right hand boundary and is an outgoing wave at the left hand boundary. 

Equation 3.1.3 can be differenced into the equation 

( l - 0 . 2 5 ( A Z ) 2 ^ n ) ^ n + 1 + ( - 2 - 0 . 5 ( A Z ) 2 ^ n ) ¥ n 

( l - 0 . 2 5 ( A ^ ) 2 | Z n ) ^ n _ 1 = crexp 

(3.1.4) 

iXn 

Equation 3.1.4 represents a tri-diagonal matrix which can be solved assuming 

a one term backward recursion relation of the form Y n - l = : C l ^ * P n + ^ n -

Substitution of the recurrence relation into equation 3.1.4 allows for the 

determination of the recursion relations for the a and (3 coefficients. This 

procedure yields 
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jl-0'25(AzftZti-l) (3.1.5) 

(l - 0.25(AZ)2$Zn-l)*n-l + (-2 - 0.5(A*)2 ̂ n . j ) ^ 

<rexp[i0.5;i:2.i] - (l - 0.25(AZ)2 ^n- l^n-1 (3.1.6) 

( l - 0 .25(A^) 2 | Z n . 1 )a n . 1 + (-2 - 0.5(Az? &n-i)' 

The outgoing boundary condition on the left hand side fixes the value of 
a-nstep+l = 

(l + i 0 . 5 ( A j ) ^ ^ n s t e p 4 ) / (l - iO. 5(Ax)^Xnstep-l) a n d 0-nstep+l = ° 

with the inclusion of a gaussian damping factor on the right hand side of 

equation 3.1.3 as shown in the program. 

The actual program follows: 

C This program will look at the amplitude of the 
C scattered signal due to a linear phase mismatch 
C when the scattered signal is near its turning point. 

PARAMETER (NSTEP=6000) 
COMPLEX ScaOld(-NSTEP:NSTEP),ScaNew(0:51), 
!i,Disp(-NSTEP:NSTEP), 
!Alpha(-NSTEP:NSTEP),Beta(-NSTEP:NSTEP) 
REAL sigma,eta,DX,cie 
Integer k 

open(unit=13/file='steady',status='unknown') 
close(unit=13,status='delete') 
open(unit=13 /file='steady ,

/status= ,unknown') 
open(unit=14,file='sigmavary',status='unknowri) 

close(unit=14,status='delete') 
open(unit=14 /file= ,sigmavary ,

/status='unknown') 
i=CMPLX(0.,l.) 

14 PRINT *, 'ENTER sigma,eta,cie' 
16 PRINT », 'SUGGEST 0.005,0.1,0.0' 

C sigma is (wpeA2¥n¥o)/(2cA2(k')) 
C eta is wpeA2/(cA2Ln(k')A1.5) 
C cie is normalized ksA2=(wsA2-wpeA2)/(cA2(k')) 
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C normalized time t'=t(wpeA2¥n¥o)/(4ws) 
C normalized space x'=x(k')A0.5 

READ *, sigma,eta,cie 
DX=0.01 

C outgoing boundary conditions on right-hand side 
Calpha(i)=-(A+)/(alpha(i-l)*(A-)+(AO)) 
C A-=sigma/DXA2 
C A0=-2sigma/DXA2+i/DT 
CA+=sigma/DXA2 

Alpha(-NSTEP+l)=(1.0+ 
!i*0.5*DX*(eta*DX*Real(NSTEP-l))**0.5)/ 
!(1.0-i*0.5*DX*(eta*DX* 
!Real(NSTEP-l))**0.5) 

C Alpha(-NSTEP+1)=CMPLX(0.000,0.) 
C end boundary conditions 
C setup initial wave amplitudes 

DO 20 IX=-NSTEP,NSTEP 
ScaOld(IX)=CMPLX(0.000,0.) 
Disp(IX)=i*DX**2.0*(REAL(IX))**2.0/2.0 

! -(4.8*(REAL(IX))/REAL(NSTEP))**2.0 
20 CONTINUE 

C end setup initial wave amplitudes 
DO 30 J=-NSTEP+2/NSTEP/l 

Alpha(J)=(-1.0+i*0.5*cie*DX+ 
! DX**2.0*eta* 

! REALg-l)*DX/4.0)/ 
! (Alpha(J-l)*(1.0+i*0.5*cie*DX-
! DX**2.0*eta* 
! REAL(J-l)*DX/4.0)-2.0-
! DX**2.0*eta* 
! REAL0-1)*DX/2.O) 

30 CONTINUE 
C beta(i)=(b(i-l)-(A-)beta(i-l)) 
C /(alpha(i-l)*(A-)+(A0)) 
Cb(i-l)=(i/DT-cie+eta*DX*(i-l))Sca01d(i-l)+ 
C cexp(0.5ixA2+ix(cie/sigma)A0.5) 

Beta(-NSTEP+1)=CMPLX(0.000,0.) 
DO 35 sigma=0.001,0.05/0.001 
DO 45 J=-NSTEP+2/NSTEP/l 
Beta0)=(DX**2.O*sigma*CEXP(Disp(J-l))-

! BetaQ-l)*(1.0+i*0.5*de*DX-
! DX**2.0*eta* 

! REAL(J-l)*DX/4.0))/ 
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! (Alpha0-l)*(l.O+i*O.5*cie*DX-
! DX**2.0*eta* 
! REAL0-1)*DX/4.O)-2.O-
! DX**2.0*eta* 
! REAL(J-l)*DX/2.0) 

45 CONTINUE 
C fill out amplitude arrays at new time step 
C ¥(i-l)=alpha(i)¥(i)+beta(i) 

DO 50 IX=NSTEP, -NSTEP+1, -1 
Sca01d(IX-l)=Alpha(IX)*Sca01d(IX)+ 

! Beta(IX) 
50 CONTINUE 

k=1000*sigma 
ScaNew(k)=ScaOld(0) 

35 Continue 
write(13,*);Mag. of As'/Z/position* 

DO 70 JX=-NSTEP, NSTEP, 20 
write(13,*),CABS(Sca01d(JX))//'/ 

! p(*DX 
70 Continue 

write(14,*)/Mag. of As'/Z/'sigma* 
DO 80 sigma=0.001,0.05,0.001 
k=1000*sigma 

write(14,*),CABS(ScaNew(k))/;, 
! sigma 

80 Continue 
dose(unit=13) 
dose(unit=14) 

END 





221 

Appendix 4.1 

Derivation of the Thomson scattered signal 
using the fluid equations 

This appendix details the derivation of the equation describing the vector 

potential of the Thomson scattered signal using Maxwell's equations in 

conjunction with the electron fluid equations. This is a simpler approach 

showing the important parameters for Thomson scattering in plasmas. To 

correctly recover the Thomson scattering features, a kinetic approach must be 

used to recover the correct spectral features of the density fluctuations. This 

kinetic approach is reviewed in Appendix 4.2. 

The first step is to derive the equation describing the Thomson 

scattered vector potential[16]. The derivation begins with Ampere's law, 

VxB = — J + - — , (4.1.1) 
C c dt y ' 
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which relates the magnetic field, B, to the current, J, and the rate of change of 

the electric field, E. Inserting the relations B = VxA, and E = -V0-

Ampere's law yields 

1 £ A 
c dt into 

d2A 
dt 

^ _ c 2 V 2 A = 4m:J-c 2V V - A - h ^ 
2 I c <?t (4.1.2) 

relating the vector potential, A, to the current and the scalar potential, <j>. 

From equation 4.1.2, the transverse component of the scattered vector 

potential, A t , can be written as 

<? 2 A, ,2T,2A —£S~ c 2 V 2 A t =4^cJ t . 
dt2 

(4.1.3) 

The transverse current, J t, is found from the electron momentum equation 

d u 1 , v , , ^ x - e —- - - V(u • u) - ux(Vxu) = — ox 2 m e 

l ^ A u 
c dt c v I 

VPe 
n e m e 

(4.1.4) 

where u, p e , and n e are the electron fluid velocity, pressure, and density 

respectively. Upon inspection of equation 4.1.4, it is apparent that the 

transverse electron fluid velocity, u t , is equal to u t = eA/cm e , provided the 

damping is small, where e and me are the magnitude of the electron's charge 

and mass respectively. Combining the above formula for the transverse 

current with equation 4.1.3, the scattered vector potential can then be written 

as 
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d A t 2r727 4zre * i - ( r V z A l = n e A t . (4.1.5) 
d t z m e 

The electron fluid density, ne/ is separated into a zero-order background 

density, noe, and a first-order perturbation, n e p w , representing the Langmuir 

wave fluctuation present in the plasma. Next the transverse vector potential, 

A t , is separated into a zero-order component representing the incident 

Thomson probe beam, Aprobe/ a n d a first-order component representing the 

Thomson scattered vector potential, Ascatt- The resulting equation describing 

the growth of the Thomson scattered vector potential is 

i L + v-fL+a^ - c 2 V 2 l q A s c a t t = win 
, a t 2 at <* J m e c 2 ( 4 L 6 ) 

4rcn o ee 2/„ . \ n e p w q A 
i e c r a l . "^probej" 

epw T, probe 
. ^ . -scatt cprobe / „ _ . „2 ' 

m e

 v ; n M m ec 

where e ^ a and e p i ^ are unit vectors in the direction of the scattered and 

probe vector potential respectively. 

Equation 4.1.6 can be simplified by assuming that the vector potentials 

and densi ty f luctuat ion can be wr i t t en in the form 

q A s c a t t / m e c 2 = 0.5Ts(x)exp(iks • x - i©st) + c.c, 

n e p w / n o e = 0.5 ,F e(x)exp(ik e-x-i© etj + c.c., a n d 

qAp r o be/m e c 2 =0.5¥p r (x) |expfikp r x-ifi)p r t) + c.c | . The equation describing 

the scattered vector potential can be written as 
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;^£> s W =^%^ W ) , (4.1.7) 

where p = v + l - o 2 +oHe -c k j/-4i©. Assuming that the density fluctuation 

is independent of x, this scattered vector potential from a finite plasma of 

length L is given by 

*s(L) = 
*>pe(esc - e p r ) y ^ 

4iQ>P pr * e l -exp( -Lj3 /v g s ) ] . (4.1.8) 

For a finite plasma with small damping on the scattered electromagnetic 

wave, such that L p / v g s « l , the scattered vector potential can be written as 

4i©Vgs v 
(4.1.9) 

which is independent of the damping on the light wave. In the limit that the 

parameter L p / v g S » l , the scattered vector potential can be written as 

*s(L) = -
CO 2 (z 

pe ̂ e s c "Gprj 
Aicofi 

x p r x e * (4.1.10) 

The intensity of Thomson scattered light from a plasma is given by 

,, ., •. (E(*.t)E-(x.t)) 
Sit 

l(x,t) = v g - ^ — ^ - — ' - 1 - = k s o s 
m e c :

2 f(A s (x,t)A s *(x,t)) A 

8x 
(4.1.11) 
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The expectation value of the vector potential product can be written in terms 

of the expectation of the Fourier transformed vector potentials, or 

(As(x,t)A*(x,t)} = (£\ J J JJ(As(G>,k)A:(G>',k')) (4.1.12) 

gk-k}H°>-«>')t]r 
dkdcodk'dG)'. 

As discussed in Oberman and Auer[90], the ensemble average of quantities 

may be written as 

d^Xj 

V 
(«(7(xio/V i)a<y'(x jo,Vj)) = jjjj 

M x i o > v i )<V (xjo / v j ) f <r ( v i )f a' (VJ ) 

(A3„ \ d^x 
V 

V J 

d 3 V i d 3 V j (4.1.13) 

From equation 4.2.7 in Appendix 4.2, the Fourier transformed scattered vector 

potential is proportional to 

(o,,k)ocn l e(o) /k) = | l - - ^ [ X 7TT3 U l J 

electrons V-ty 

-Ze(®&) 
?(co,k) 

<co,k) 

a ions 

Because the electrons and ions, as well as different ion species, are assumed to 

be uncorrelated, each species can be treated separately. The ensemble average 
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of the product of the Fourier transformed density fluctuations can be written 

as 

(n^)n^k-)) = ̂ JJJJ f t fScYd 3 *!) 
V d V r v j f ' f t ) ( 4 * L 1 5 ) 

f*W x Ze(**) 

-Xe(®&) 

(co,k) 
S e - ^ ^ c o - k - V i ^ e - ^ ^ ^ ' - k - . v ^ 

X 2 Z a e - i k ^ 5 ( c o - k . ^ J X Z a e - * * • « (»• -** , ) 
a i 

Equation 4.1.15 can be reduced to 

( n i (cD^Jnifco^k')) = ^ 2 | _ 5 ( k - k')5(o) - CD') 

' Ze[**)} (a>) 
e(*,i)\ HkJ' 

-ffefo/k) 
?(co,k) 

X z a f o i a L 

(4.1.16) 

Using the equations above, the Thomson scattered intensity can be written as 

Flux _ vgs(E 2(*,t)) _ V g s n o e 
(..2 \ 

dcodkdQ 8;rdfi>dkd& 8n{27tfl6a)Q 

2 r / - o 2 

CO, pe 
v n o e y 

2/~ * \^ 
E o i e s c - y J (4.1.17) 

W'k 

'"IkkT HrJ+* 
-Ze(o>^) 

Y Z 2 f • f -
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Appendix 4.2 

Derivation of the Thomson scattering form 
factor in a homogeneous plasma 

This appendix details the calculation of the Thomson scattered spectrum in a 

homogeneous plasma. 

The detected Thomson scattered spectrum is proportional to the 

ensemble average of the product of the spectral scattered vector potential 
(AsctaklA^fcO/kn. It was shown in Appendix 4.1 that (Asc(co,kJA^{co,kn is 

r _ * 

n o r i w / _ - v n e proportional to ( - e p w fco+o>pr,k + kp rj e p w u» + fflpr/k+kprn. A detailed 
\ OG H/c / 

picture of the scattered spectrum, therefore, requires a kinetic calculation of 

the spectrum of electrostatic waves driven in the plasma. The kinetic 

calculation permits the treatment of the Landau damping of the ion acoustic 

waves. 

The derivation of the electrostatic waves spectrum begins with the 

Vlasov equation, also known as the "correlationless" Boltzman equation. 

The Vlasov equation[91], 
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| a + ^ . ^ L + g.^ L = 0 ( 4 2 1 ) 

3t 3x 3v v ' 

is very similar to the Boltzman equation from statistical mechanics, showing 

that the total derivative of the particle distribution function, i a , in phase 

space is constant, ignoring collisions. The acceleration, a, comes from the 
Lorentz force law, a = (q/m e)(E+vxB/c), and represents the average fields 

generated in the plasma, as well as external fields imposed on the plasma. 

The Vlasov equation allows the determination of the velocity 

distribution for the particles in the plasma, as well as the collective 

oscillations. From this information, along with Maxwell's equations, the 

Thomson scattered spectrum can be derived. The first step is to linearize the 

Vlasov equation by assuming the particle distribution contains a zero-order 

component which is a function of velocity only, as well as a first-order part 

which is a function of position, time, and velocity. This leads to a set of 

linearized equations, 

di i e + ^ . ^ i e _ ^ | . . ^ 0 e = 0 a n d (4.2.2) 
dt dx m e dv 

V df l ig . + y. .^ i i« + Z a eE di0itt = ^ ( 4 2 3 ) 

a dt dx mia dv 

one for the electrons and one for each of the different ion species. These 

equations in conjunction with Gauss' law, 
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V • Eg = 4np = 4x - e n l e + 2 Zaenlia + qpS[x - (x 0 + v 0t)] 
a 

(4.2.4) 

determine the electrostatic fluctuations in a magnetic field-free homogeneous 
plasma. The electric field, Ep, in Gauss' law above represents the electric field 

produced by the shielding of a given test particle in the plasma. The test-

particle approach allows for the determination of the fluctuation level using 

each of the particles in the plasma as a test charge to find the fields generated 

by the shielding of the individual charges. These shielding fields are then 

added to the electric field produced by the charges themselves to obtain the 

total field generated in the plasma[89-93]. 

The electric field due to a test particle can be found by Fourier 

transforming Gauss's law along with the linearized version of Vlasov's 

equations. The electric field due to the shielding cloud surrounding a given 

test particle is then 

* / C\ - i ^ e - ^ f o - k - v p ) (4.2.5) 
E ^ ' k ) = T ( i ^ — 4 ^ — -

where e ( c o , k > l + i ^ f i ^ ^ ^ The 
v ; k 2 m e

J ( o > - k v ) ^ k m a J ( © - k v ) 

electron density fluctuation is obtained by integrating the first-order electron 

distribution function, present in equation 4.2.2, over all velocity space. Taking 

into account the Fourier transform of the test electrons themselves, the 

spectral electron density fluctuation is 
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n le(eo,k) = Jfle(co,k)d3v + ^particles 
electrons 

(4.2.6) 

_ieE(Q),k) r k - V o e ^ . , y ^ " ^ 0 ) 
|k|me J(a)-k-v) t S l t S m {27tf 

The electric field, E(a>,k) = ^E^(co,k)+ ^ ^E^fco,k), in equation 
electrons species tons 

4.2.6 is composed of the shielding cloud fields produced from each of the 

individual test particles. Inserting the total shielding electric field calculated 

in 4.2.5 into 4.2.6 shows that the spectral electron density fluctuation may be 

written as 

n le(co,k) = ' *e(«a) 
u ?(co,k) 

-#e(a>,k) 
1 

s 
electrons 

e-^^co-k-Vo) 

Z^e-^^cp-k-vo) 
a ions V-n) 

(4.2.7) 

Assuming that the electrons and ions are uncorrelated and that the 

individual ion species are uncorrelated with each other, then all cross terms 

vanish and the 

(n l e (©,k)n* e ((o,k^ = 

-*e («>'£) 

1 Xe(^k) 
(co,k) (2„f 

]r5(o)-k-v0) 
^2 

^electrons 

(4.2.8) 
+ 

•(co,k) v Z 7 ry a Uons 

^2 , 
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The scattering form factor for a uniform plasma is typically defined as[92] 

Q 

S(k,a>) = ^r(n l e(o),k)nte((D,k)). (4.2.9) 

In equation 4.2.9 above, the square of the delta function can be interpreted as 
?2 TS 8 = -—- and the ensemble average of the delta function can be interpreted as 

( 2 * ) 

X<5(a> - k • v 0 ) ) = (J|f l a(v)d 3vd 3x) = | f l a (©/k) . (4.2.10) 
^particles 

Therefore, the scattering form factor for a homogeneous plasma may be 

defined as[92] 

In 
v ' n~k 1 -

Xe[®£) 
?((D,k) 

f l e(«/k) + -Xei®'*) 
?(©,k) 

Xz2f l i a(e,/k) 
a 

(4.2.11) 
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Appendix 4.3 

Numerical calculation of Thomson scattering 
from an inhomogeneous plasma 

This appendix details the numerical calculation for the level of Thomson 

scattering produced from a fixed amplitude Langmuir wave located on the 

top of a parabolic profile. This is in fact applicable to many scattering processes 

present in inhomogeneous plasmas such as the generation of electromagnetic 

waves from the coupling of Langmuir waves, ion waves produced by the 

coupling of Langmuir waves, scattering of an electromagnetic wave from 

electrostatic waves present in the plasma(Thomson scattering), etc. 

From Appendix 4.1, the equation describing the growth of the 

Thomson scattered vector potential is 

(a2 \ 
V a t 2 + ( D - c \ ^ ^ % - = (4.3.1) 

4ft n ^ e 2

 (& a ^ n e p w q A p r o b e 

,2 ' -(e -e V^s 
^scatt c probe y m e ' \ m ec 
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where escatt a n £ * e p r o be are unit vectors in the direction of the scattered and 

probe vector potential respectively. This equation can be further simplified by 

writing the vector potentials and the Langmuir wave fluctuation as a slowly 

varying component multiplied by a rapid oscillation, or more precisely 

-3—%- = — ¥ a (x, t )exp(i jk a -dx-kwt) + c.c. The a s s u m p t i o n t h a t 
m e c 2 
a y g ( x ^ ) « l c y ( X / t ) and ^ " ^ «a>*¥„(x,t) reduces equation 4.3.1 to 

d x d t 

the first order partial differential equation 

J^+Vgscatt • J= Kscatt(x/t) = (4.3.2) 

o^W^)^^^^^^ 

where the Taylor expanded phase mismatch on the top of the parabolic 
prof i le , x 0 , is k p r o b e ± k e p w - k s c a t t = K(X)« K"(XQ)X2fl. Making the 

QP~ Xg . IJ/ 
substitutions z = {K") x a n d T = ^ p r o 32^-1 transforms equation 4.3.2 

©c 

into 

d* a^¥pi6beVepw d x 

i(escatfeprobe) r. 3 / 1 -* - ^ ^exp[i;f76]. 

*sca t t ( ^ ) = (43.3) 
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The method of characteristics is used to numerically solve equation 4.3.3. Two 

new var iables are in t roduced £ = % + P 6 pt?„—S^-T and 
CO, ,(f)VB, gscatt 

rj=x—P6 P ^ 3 — ^ ^ - T . Upon substitution of the above new variables, 
<»s(*T vgscatt 

equation 4.3.3 transforms into 

a^« 
dC 

^ s 

<? 77 

<?* ^ p r o b e ^ e p w <? * 

* * ©^probe^epw d % 

(4.3.4) 

^scatt' eprobeJ exp[i^3/6]. 

Equation 4.3.4 can then be written as 

d¥ scatt '( 
1^escatt * eprobe )exp[i^3/6] 

<?C ^pe* probe *epw ^sv* ) vgscatt 
^ s C O vgscatt ^pe^probe^epw 

(4.3.5) 

where A£ = AT ^pe * probe *epw ^sv* ) vgscatt 
^s l* ) vgscatt ^pe^probe^epw 

and Arj = -A£. Given the 

above two variable relations, the change in spatial scale can be expressed in 

Q>sM V 3v«catt terms of the change in time or Ax = AT—^ fi . 
®pe * probe * epw 

Figure A.4.3.1a shows the amplitude of the scattered vector potential 

from a plasma containing a quadratic phase mismatch. This situation is 

found when Thomson scattering from Langmuir waves located at the top of a 
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parabolic profile. The initial conditions are that at t=0, the amplitude of the 

scattered vector potential is zero everywhere is space. In this figure, the 

T=6.25 

-10 0 10 
distance ( X = ( K " ) 1 / 3 X ) 

T=8.33 
r r r p r n 1 r j 1 ' • '"• 11 11 i [ I ' H I { I I I I 

-10 0 10 
distance ( X = ( K " ) 1 / 3 X ) 

T=12.5 

| | 0 . 8 F 

S "5.0.4 : 

II 
distance (X=(KM) 1 / 3X) time {^(©pe^Vobe^epwt/^s} 

Figure A.4.3.1 Thomson scattered vector potential produced in a plasma with 

a quadratic phase mismatch between the interacting waves. The scattered 

vector potential as a function of distance is shown in figure A.4.3.1 a-c each 

representing a different time. The vertical axis on all of these graphs 

represents the amplitude of the Thomson scattered vector potential. The 

horizontal axis on figures a-c represent the distance along the profile with x=0 

representing the perfect phase matching point. The horizontal axis in figure 

A.4.3.1 d represents time. 
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Thomson scattered signal has reached the saturation amplitude in figure 

A.4.3.1 a and the signal is traveling at the group velocity in figures A.4.3.1 b 

and A.4.3.1 c. The dashed line in figure A.4.3.1 c shows the amplitude of the 

steady state signal calculated in Chapter 5. Figure A.4.3.1 d shows the growth 

of the scattered vector potential at the perfect phase matching point. This 

graph shows the amplitude growing linearly in time at approximately the 

homogeneous growth rate , ¥scatt = t « ^ p r o b e ^ e p w / 4 f i ) s w i t h 

^pe^probe^epw/^s = * u s e c * in the simulation. 

C This program will look at the amplitude of the Thomson 
C scattered vector potential due to a parabolic phase mismatch. 
C This version uses method of characteristics. 

PARAMETER (NSTEP=1200) 
COMPLEX ScaNew(-NSTEP:NSTEP),Sca01d(-NSTEP:NSTEP), 
!i,Disp(-NSTEP:NSTEP),DTs,ScaTime(0:NSTEP) 
REAL ParDrive, Time, DT,DX 
INTEGER NITER 
open(unit=13,file='ExpdetO,,status='unknown') 

close(unit=13,status='delete') 
open(unit=13,file='ExpdetO',status=,unknown') 
open(unit=14,file='Expdetl ,,status= ,unknown') 

close(unit=14,status='delete') 
open(unit=14,file='Expdetl,,status='unknown') 
open(unit=15,file=,Expdet2',status=,unknown') 

close(unit=15,status='delete') 
open(unit=15/file='Expdet2',status='unknown') 
ope^un^^fne^ExpdetSVstatus^unknown') 

close(unit=16,status='delete') 
open(unit=16,file='Expdet3',status='unknown') 
open(unit=17,file='Expdet4',status='unknown') 

close(unit=17,status='delete') 
open(unit=17,file='Expdet4',status=,unknown') 
open(unit=18,file=,Exptime,,status='unknown') 

close(unit=18,status=,delete') 
open(unit=18,file='Exptime,,status=,unknown') 

i=CMPLX(0.,l.) 
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10 PRINT *, 'Enter THE TOTAL NUMBER OF TIME STEPS (0 TO STOP)' 
12 PRINT *, 'SUGGEST 1000.* 

READ *,NITER 
IF (NITER .EQ. 0.) STOP 

14 PRINT *, 'ENTER parabolic driving term' 
16 PRINT *, 'SUGGEST 1.0' 

READ *, ParDrive 
DT=0.0125 
DX=DT/ParDrive 

C setup initial wave amplitudes 
DO 20 IX=-NSTEP,NSTEP 
ScaOld(TX)=CMPLX(0.000,0.) 
ScaNew(IX)=CMPLX(0.000,0.) 
Disp(IX)=i*(REAL(DX*IX))**3.0/6. 

20 CONTINUE 
C end setup initial wave amplitudes 

Time=0. 
C time loop 

DTs=CMPLX(DT*0.25,0.0) 
C take care of boundary conditions 

ScaNew(-NSTEP)=CMPLX(0.000,0.) 
C end boundary conditions 

DO 40 rTER=l, NITER 
Time=Time+DT 
ScaTime(ITER)=ScaOld(0) 

C fill out amplitude arrays at new time step 
DO 50 IX=-NSTEP+1, NSTEP 
ScaNew(DQ=Sca01d(IX-l)-

! i*DTs*CEXP(Disp(IX-l)) 
50 CONTINUE 

DO 60 JX=-NSTEP, NSTEP 
Sca01d(JX)=ScaNew(JX) 

60 CONTINUE 
IF (ITER.EQ. 3) THEN 

write(13,*),'Mag. of As',',','position' 
DO 70 JX=-NSTEP, NSTEP, 4 
write(13,*),CABS(Sca01daX));;r 

! JX*DX 
70 Continue 

close(unit=13) 
Else IF (ITER.EQ.NrrER/2) THEN 

write(14,*),'Mag. of As7,7positiori 
DO 75 JX=-NSTEP, NSTEP, 4 
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write(14,*),CABS(Sca01d(JX))//, 
! JX*DX 

75 Continue 
close(unit=14) 
Else IF (rrER.EQ.2*NITER/3) THEN 

write(15,*),'Mag. of As'/Z/position' 
DO 80 JX=-NSTEP, NSTEP, 4 

write(15,*),CABS(Sca01d(JX)),y, 
! JX*DX 

80 Continue 
dose(unit=15) 
Else IF (rrER.EQ.5*NTTER/6) THEN 

write(16,*),'Mag. of AsV/Zposition' 
DO 85 JX=-NSTEP, NSTEP, 4 

write(16,*),CABS(Sca01d(JX)),y, 
! JX*DX 

85 Continue 
close(unit=16) 
Else IF (rTER.EQ.NITER-1) THEN 

write(17,*),'Mag. of As'/Z/position' 
DO 90 JX=-NSTEP, NSTEP, 4 
write(17,*),CABS(Sca01d(JX)),y, 

! JX*DX 
90 Continue 

dose(unit=17) 
END IF 

40 CONTINUE 
write(18,*),'Mag. of As'/Z/time' 

DO 95 IL=l,NrTER/5 
write(18,*),CABS(ScaTime(IL))//,IL*DT 

95 CONTINUE 
close(unit=18) 
END 
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Appendix 4.4 

Graphical solution of the roots of the 
dispersion relation corresponding to ion 
acoustic waves 

This Appendix contains plots showing the roots corresponding to the 
solution to the dispersion relation £(G>,kJ = l+;£e(a>,kJ + £;fi a (©,kJ = 0 for the 

a 

plasmas used in the experiments performed for this dissertation. In Figures 

A.4.4.1-A.4.4.3, the solid contours represent the zero contours of the 

Im{e(cD,k)}=0 and the dashed lines represent the zero contours of the 

Re{e(co,k)}=0. The roots of the dispersion relation are then given by the 

intersection between the real and imaginary zero contours. Figure A.4.4.4 a-d 

shows the damping of the ion wave as a function of the ratio of ion 

temperature to electron temperature for the four different ion-species 

plasmas used in the experiments performed for this dissertation. 
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Figure A.4.4.1 Graphical solution of the roots of the dispersion relation in a 

Carbon plasma. Each figure represents the solution at a different ratio of ion 

to electron temperature. The vertical axes represent the imaginary 

component of the frequency while the horizontal axis represents the real 

component of the frequency. 
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Figure A.4.4.2 Graphical solution of the roots of the dispersion relation in a 

Collodium plasma. Each figure represents the solution at a different ratio of 

ion to electron temperature. The vertical axes represent the imaginary 

component of the frequency while the horizontal axis represents the real 

component of the frequency. 
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Figure A.4.4.3 Graphical solution of the roots of the dispersion relation in a 

CH plasma. Each figure represents the solution at a different ratio of ion to 

electron temperature. The vertical axes represent the imaginary component 

of the frequency while the horizontal axis represents the real component of 

the frequency. 
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Figure A.4.4.4 Absolute magnitude of the ion wave damping normalized to 

the real part of the ion acoustic frequency for four different ion species 

plasmas. Each of these graphs were generated assuming kkz)e=0.1 and that the 

ions were completely ionized. Figure 4.4.4 a-d represent the damping as a 

function of the ratio of ion temperature, Ti, to electron temperature, Te, for 

an Aluminum plasma, a Carbon plasma, a Collodium plasma, and a CH 

plasma, respectively. 
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Appendix 4.5 

Contour integrations for Thomson scattering 

The equation describing Thomson scattering from an inhomogeneous 

plasma with a linear phase mismatch between the waves is given by 

d ¥ s c _ ^pe (V§sc) 
dx 4ic 2k 

(^epw^pr)exp 
sc 

• t 2 IK X (4.5.1) 

This equation can be written as 

*sc(~) ! 

^ ( y - g s c ) 
4ic 2k 

sc 

|^(^epw^pr)2jexp[zm2]rfm. 
(4.5.2) 

The integral in equation 4.5.2 can be solved using the contour shown below 

in figure A.4.5.1 
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Figure A.4.5.1 Contour used to evaluate J exp(im2)dm. 

The contour is equal to 

j =f +J + | =2*tiX residues = 0, 
i n in 

(4.5.3) 

as labeled in figure 4.5.1. These integrals may be written as 

» , . . ?r/4 
0= Jexp[fx2]rfy+ J exp[iR2exp{i29)\iRexp(i9)de 

V 

+J exp -r exp(f n/Ajdr. 

The integral is then equal to 

(4.5.4) 

J exp[ix2]dx = exp(in:/4) [exp[-r2]dr = exp(irc/4)-\/rc/2. (4.5.5) 
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The absolute magnitude of the Thomson scattered vector potential, with a 

linear phase mismatch between the interacting waves, is 

l*.H-3^#M*4 (4.5.6) 

The equation describing Thomson scattering from an inhomogeneous 

plasma with a quadratic phase mismatch between the waves is given by 

d¥ s c _ fpe ( V g s c ) 
dx u c \ 

(^epw^pr)exp 
sc 

1K"X" (4.5.7) 

This equation can be written as 

%cH = -
CO, 'i^i^iwJH*}*- (4.5.8) 

The integral in equation 4.5.8 can be solved using the contours shown below 

in figure A.4.5.2 
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IV I 

n 

Figure A.4.5.2 Contours used to evaluate J exp(im3)dm. 

The contours shown in figure A.4.5.2 can be written as 

j = J + J + J = 27tiX residues = 0 and 
i n m 

(4.5.9) 

| = J +f + J =27ci£ residues = 0. 
b IV V VI 

(4.5.10) 

These contours may be written as 

limit 
x/6 

j = o = jexp\ix3]dx+-^^ j exp\iR3exp{i3d)\iRexp{i8)de ( 4 - 5 - n ) 
a 0 

0 
+ j exp - r 3 exp(i n/6)dr and 
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0 oo 

j = 0 = Jexp[ix 3 ]^ + |exp[-r3]exp(i5^/6)rfr (4.5.12) 
b -co 0 

n limit Jexpfz'R3 exp(i3d)]iRexp(id)dd. 
5n/6 

Equations 4.5.11 and 4.5.12 reduce to 

Jexp[ix3]dx = exp(irc/6)Jexp[-r3]dr and (4.5.13) 
0 0 

0 o° 

Jexp[ix3]dx = -exp(i 5*/6) J exp[-r 3]dr / (4.5.14) 
- o o 0 

respectively. The original integral of interest is then equal to 

oo oo 

Jexp[xx3]rfx = [exp(f n/6) - exp(f 5^/6)]|exp[-r 3kr = (4.5.15) 
-oo 0 

V3jexp[-r 3]^r. 
0 

The remaining integral can be written in terms of a Gamma function, T, 

jexp[-r 3]dr = (3)"1 J(J)^ 3 exp[-J]dJ = r(l/3)/3. (4.5.16) 
o o 

The absolute magnitude of the Thomson scattered vector potential, with a 

quadratic phase mismatch between the interacting waves, is 
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KHl _<(VMf6y 3 r (y3) , 
4c2k„ U" J V3 I e p w Y Pr 

(4.5.17) 
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