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A bstract

Numerical and theoretical studies of laser beam interaction with under-dense 

plasmas involving ion wave instabilities are presented. The theoretical model 

that is used involves a realistic distribution of laser intensity and a non-paraxial 

electromagnetic wave equation coupled to the ion acoustic wave equation in a 

two-dimensional geometry.

Three different cases of laser beams are considered, a single hot spot beam, a 

random phase plate (RPP) beam and two crossed RPP beams. In all the three 

cases, a close connection with the experiment is established.

For the case of a single hot spot beam the stability of laser light filaments in 

a homogeneous isothermal plasma with respect to coupled electromagnetic and 

density perturbations is considered. At early times, in addition to the known 

modulational instability of a guided electromagnetic mode, a new fast growing 

resonant instability is found. At later times, a weak correlation between backscat- 

tered stimulated Brillouin scattering (SBS) reflectivity and filamentation or self- 

focusing instabilities is established. It is demonstrated that the transmitted light 

angular spreading and frequency shifts are consistent with near-forward SBS.

In the case of a single RPP beam, the angular divergence and temporal band

width are shown to correspond to additional spatial and temporal incoherence in 

the regime where the average laser intensity exceeds the self-focusing threshold. 

The transverse and longitudinal sizes of the laser speckles inside the plasma are 

related in a way that makes it possible to define a local effective beam /-number 

as a measure of the effective speckle length and for the plasma induced tem

poral incoherence. The numerical simulations show that the effective /-number 

decreases as light propagates through plasma.

In the case of two crossed RPP beams a significant nonlinear enhancement of 

large angle forward scattering is observed. The spectral analysis of the transmit
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ted light shows two components, one of which is unshifted with respect to the 

initial laser light frequency, and the other is red-shifted. The red-shifted com

ponent is found to be strongly enhanced in the case of crossed beam interaction 

in comparison with that of one beam illumination. The numerical simulations 

show that this enhancement is due to large angle forward stimulated Brillouin 

scattering.
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Chapter 1 

Introduction

Plasma physics is the study of the collective processes in many-body charged 

particle systems interacting via long-range Coulomb force. The discipline in

cludes areas as diverse as low-temperature plasmas, non-neutral plasmas, inertial 

and magnetic confinement fusion, space and astrophysical plasmas, beams and 

accelerators. The physical processes include wave-particle interactions, plasma 

heating, chaos, turbulence, transport and parametric instabilities to name just a 

few. The mathematical foundation of plasma physics is based upon the Liouville 

equations for the electron and ion distribution functions in a multidimensional 

phase space and Maxwell's equations describing electromagnetic fields, which 

originate from the source terms given by moments of the distribution functions.

Plasma theory has a well developed mathematical apparatus for analytical 

description of various plasma configurations and relatively complex interactions. 

However, the accurate study of highly nonlinear processes has become possible 

only via the application of numerical simulations. The progress in this area has 

mainly been a result of the revolutionary developments in computer hardware 

leading to the advent of powerful computer architectures (workstations, super

computers. clusters) that have high computational speed and large memory at 

relatively low cost. The ongoing hardware evolution is coupled with marked 

advances in software development, involving the creation of new computer lan-

1
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guages. development tools (such as fast compilers, debuggers and profilers), par

allel design and visualization applications. Part of this general trend has been 

the development of advanced numerical techniques, such as high fidelity dis

cretization schemes, efficient memory management, fast algorithms, vector and 

parallel processing. The primary investigation tool in this work has been large 

scale parallel computer simulations.

Much of the motivation for this study is based on experiments related to the 

inertial confinement fusion (ICF) program. ICF is one of the possible ways of 

obtaining energy from the reactions between light nuclei (fusion reactions). When 

the sum of the masses of those nuclei exceeds the mass of the resultant nucleus 

by an amount of Am. the released energy H' is given by Einstein's relation

IT = A me2.

and is of the order of few MeY per nucleon. For such a reaction to take place, 

the nuclei have to be compressed within the range of nuclear forces, overcoming 

the Coulomb barrier. This means that the reacting particles have to be confined 

at high density for sufficiently long time, so that the energy transfer between 

the nuclei can take place. The temperature required for barrier penetration is 

in the range of keY. At such temperatures the matter is completely ionized and 

is in the form of a gas of positively charged nuclei and an equivalent number of 

electrons, i.e. plasma.

The basic criterion for building a fusion power generator was established by 

Lawson and states that the product of the number of reacting nuclei per cm3 

and the time r  in seconds has to be greater that a critical number (nT)„tt [30].

The principle of ICF is based on heating and compressing a pellet of ther

monuclear fuel by laser or particle beams and using the fuel mass inertia to pro

vide confinement. Figure (1.1) shows a schematic diagram of an ignition capsule
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Ablator

Figure 1.1: Schematic diagram of an ignition capsule. The sizes are typical for a 
NIF design for a 1.3 MJ total energy laser.

with sizes typical for a National Ignition Facility (NIF) * design [7]. The capsule 

is typically a spherical shell filled with low density deuterium-tritium (DT) gas. 

The shell consists of an outer part, called an ablator, which is sometimes covered 

with a coating, and an inner part of frozen or liquid deuterium-tritium that forms 

the main fuel. The fuel is usually made of deuterium-tritium because of its high 

energy gain

D  +  T  -* H e \ Z . b 2 U e V )  +  n(14.06.Ue\ ).

which yields released total energy. Etot =  17.58A/e\\

The intense laser light energy couples to the surface of the target and heats

the ablator. Part of the light is absorbed and evaporates the pellet surface.

forming a rapidly expanding plasma corona. There is an additional evaporation

due to heat transfer to the pellet. This process is called ablation. It results in a

shock wave launched into the pellet and its producing fast compression. As the

ablator expands outward, the inner part of the target implodes inward. During

the compression process, the kinetic energy of implosion is converted into internal

'National Ignition Facility [38] is currently being built at the Lawrence Livermore National 
Laboratory with a nominal laser energy of 1.8MJ and is expected to achieve ignition in both 
direct and indirect drive configurations.
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thermal energy of the high density fuel and the target is compressed to conditions 

of density and temperature, high enough to trigger fusion reactions. One of the 

most important characteristics of the implosion process is the so called in-flight 

aspect ratio (IFAR). defined as the ratio of the shell radius R as it implodes to 

shell thickness AR. To amplify the externally applied ablative pressure, a high 

IFAR shell is required. If a shell of initial radius Rq is uniformly accelerated at 

g to radius Rq/2  by an ablation pressure PA it has a velocity [40]

> _  P \R q 
V' h ~  psh± R '

The final pressure of the fuel is then given by

n 2 n ^0
P  ~  PshL'ih —

This formula shows that indeed a high IFAR is required to achieve the desired 

high fuel pressure. At the same time, as we shall see below, the situation in 

which a low density ablation fluid accelerates a heavy shell fluid is susceptible 

to hydrodynamic instabilities, such as Rayleigh-Taylor (RT) instability and so 

places an upper limit on the IFAR.

There are two main schemes for laser fusion -  direct drive and indirect drive. 

In the direct drive [4]. shown schematically in Fig.(1.2)(a), the laser beam(s) are 

aimed directly at the target. The laser energy is transferred to electrons via 

inverse bremsstrahlung or different collective plasma processes. In the indirect 

drive [30], shown in Fig.(1.2)(b). the laser energy is first absorbed in a high-Z 

enclosure, called an hohlraum. which emits X-rays driving the target implosion. 

In general the hohlraums have an elongated shape, designed to compensate for 

the absence of X-ray emissions from the laser entrance holes

The conversion of laser energy to energy of compression and heating is a 

complicated process, involving emission and absorption of light by the inhomo- 

geneous plasma surrounding the pellet. Light emission is an energy loss process
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(b )
imp lo* ion 
capsulelaser beams

hothrmum

Figure 1.2: Inertial confinement fusion schemes: (a) direct drive, (b) indirect 
drive.

that occurs in the form of bremsstrahlung. This is a continuous radiation emit

ted by the electrons as a result of their deflection by the Coulomb field of other 

charged particles. The inverse process results in light absorption and is called 

inverse bremsstrahlung. For laser energy density that is low compared to the 

thermal energy density, the absorbed fraction of the laser light is proportional 

to the laser intensity. For higher intensities this linear relation is no longer valid 

because of the effects of parametric instabilities, such as stimulated Brillouin 

scattering (SBS). stimulated Raman scattering (SRS) and filamentation. to be 

reviewed in greater detail below.

One of the actively studied topics in laser plasma interaction physics deals 

with the reduction of the parametric instabilities by introducing a spatial and 

temporal incoherence in the laser beams. Spatial incoherence, can be viewed as 

a result of the spread in angle of the wave vectors, ko. of the incident light. In 

this case all the wave vectors have the same length. In the case of only temporal 

incoherence all the wave vectors have the same direction, but their lengths are 

spread over an interval A k0 =  A^o/ljo. where Au,’o is the frequency bandwidth 

and \ 'go is the group velocity of the laser light.

The method of induced laser beam incoherence is also used to improve the 

uniformity of the laser illumination, which affects both the laser-plasma coupling 

and the symmetry of target implosion. Highly uniform irradiation of the surface
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of the fuel-filled capsules is one of the most important prerequisites for efficient 

energy transfer and consequently - a successful ICF implosion. Intensity non- 

uniformities can produce ablation pressure variations resulting in an asymmetric 

implosion and possible failure of the target. For indirect drive ICF the problem 

is somewhat reduced because the target is illuminated by a "bath" of X-rays 

emitted from the hohlraum. One disadvantage of this technique is the relatively 

low conversion efficiency of the laser light to X-rays absorbed by the pellet, 

resulting in a lower overall gain.

There are several sources of asymmetry, such as imperfections in target fabri

cation. individual laser irradiation nonuniformity and nonuniformity as a result 

of errors in beam pointing, focusing and power balance in multi-beam sys

tems. It has been shown [43. 34] that the illumination nonuniformity of multiple 

beam systems [42. 5] can be decomposed into a single beam factor and a ge

ometrical factor for each mode. Thus, most of the effort is directed towards 

achieving a smooth focal intensity distribution of individual laser beams. Irradi

ation non-uniformities can imprint themselves onto the target, thereby seeding 

the Rayleigh-Taylor instability during the acceleration phase [21]. This is espe

cially important early in the pulse when the target has not yet developed the 

large blow-off plasma that helps smooth the spatial non-uniformities by thermal 

diffusion [12]. This instability can be reduced by preheating of the fuel, but 

the preheat reduces the efficiency of the thermonuclear burn and thus the tar

get gain. Alternatively, it has been found that the perturbation level from the 

initial shock can be reduced by multiple wavelength lasers and shallow angles of 

incidence [11].

To introduce the Rayleigh-Taylor instability let us consider an initial pertur

bation of wavelength A. at the interface of a dense fluid of density pm, on top 

of a lighter fluid of density pIo. Ignoring finite thickness effects, the exponential

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



C H APTER 1. IST R O D U C T IO S

growth rate of RT instability of an interface perturbation is given by

~ R T — yj Akg.

where k =  2rr/A is the wave number of the perturbation, g is the acceleration and 

A is the Atwood number given by {phi~ Pio) /  [Phi+Pio) ■ For a spherical implosion.

substitute k with l/R . Thus, the higher the mode number, the larger the growth 

rate of the instability. However, the very large mode numbers saturate before 

breaking through the shell of the pellet. As a result the most damaging modes are 

those with wavelengths comparable to the shell thickness. AR. So. the number 

of e-foldings of the classical growth factor is

i.e. large IFAR leads to large RT growth. To reduce the growth of the most 

dangerous RT modes various pellet designs are implemented that minimize the 

IFAR and achieve high gain, using foam ablators and/or shock and radiation 

preheat [4. 51. 52. 10. 11].

The instability can be stabilized by the process of ablative acceleration in 

which the ablation "burns-ofF" the perturbations [30. 21]. This reduces the net 

growth of RT instability by a factor of kv 4. where i\\ is the velocity of the flow 

across the interface.

Various techniques for beam smoothing that employ incoherence have been 

developed. In most laser-plasma experiments of interest to ICF. laser beams 

are phase converted by being passed through random phase plates (RPP) [19]. 

RPP are transparent plates divided into a large number of identical area ele

ments. each adding a random phase delay to the transmitted light. This random 

distribution of phase delays splits the beam into spatially incoherent beamlets. 

which in the focal region have a typical diameter of 2Af / D  and a length along

the normal modes are spherical harmonics and for large mode number. I. we can

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



CH APTER 1. INTRODUCTION  8

the direction of propagation of 4A/2/ D2. where D is the laser beam diameter, /  

is the focal distance and A is the wavelength. The resulting irradiation pattern 

consists of many spots of higher intensity, called speckles or hot-spots and is 

determined by the shape and size of the individual phase-plate elements. The 

mutual interference between the beamlets results in an intensity profile, with 

a speckle modulation smoother than found from a beam without RPP. where 

strong short-range spatial correlations in the beam phase profile lead to strong 

long-scale structure in the intensity pattern. The intensity distribution I(x, y) in 

the focal plane has an envelope function given by the square of the sine function. 

The zeroth-order diffraction square bounded by x0.y 0 =  ± \ f / d  contains 84% of 

the laser energy, where d is the length of phase element of the phase plate. The 

intensity fluctuations are averaged along the direction of laser beam propagation 

as a result of the finite lengths of the beamlets. Also, for spherical targets, a 

significant uniformity is attainable as a result of lateral smoothing, even though 

the intensity pattern is stationary in time.

However a RPP produced intensity structure remains stationary during the 

whole pulse duration so that the intensity contrast is high. In dynamical ap

proaches to laser beam smoothing the speckle location changes during a time 

which is shorter than the plasma response time. The most direct application of 

this approach is to keep the RPP and use a broadband pulse w’ith modulated 

phase coupled with a disperser [44], which will be reviewed below. A drawback 

of this technique is the energy loss through diffraction by the elementary plate 

elements and the strong intensity modulation of the electric field, forbidding the 

use of any optics between the RPP and the target. One additional drawback is 

that the intensity profile is essentially restricted to the central maximum of the 

envelope profile [cf. Fig.(1.4)]. As long as it has the shape of an Airy function 

the energy content is limited to 84%. To overcome this limitation a method of
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Figure 1.3: Principle of smoothing by overlapping speckle patterns by spectral 
dispersion. Different copies of the pattern are shifted in space, so that the peaks 
of some fill the valleys of others resulting in a smooth profile when averaged in
time.

continuous phase screen has been designed and is called kinoform phase plates 

(KPP). which produces arbitrary shaped far-field profiles with high efficiency 

[8. 9],

To eliminate the intensity fluctuations, produced by the interference between 

rays originating from different phase-plate elements, a combination of a phase 

plate and a polarization rotator, called zero correlation mask (ZCM) is sometimes 

used [45]. The phase plate in this case is an array of non-randomly distributed 

binary phase elements that break up the spatial coherence of the laser by impos

ing discrete phase delays, chosen to yield a zero autocorrelation function for all 

spatial wavelengths. The polarization plate rotates the polarization across half 

the beam and so eliminates the interference between half of the phase elements, 

so that the intensities from each half add incoherently on the focal plane. The 

method requires highly uniform laser beams, because phase aberrations introduce 

far field intensity modulations. However the remaining speckle nonuniformity is 

still bigger than the maximum allowable level for ICF. which in terms of ablation 

pressure nonuniformity is 19c — 2Verms.

To achieve a high degree of irradiation uniformity, smoothing by overlapping 

different speckle patterns is usually employed. It relies on the observation that
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Figure 1.4: Effect of overlapping a large number of pattern realizations. The 
nonuniformity varies with the number of overlapped realizations N as 1/v^V-

any effect that causes changes in the irradiation intensity distribution will bring 

a reduction of the effective irradiation nonuniformity by time averaging. Figure 

(1.3) illustrates the principle of smoothing by overlapping speckle patterns by 

spectral dispersion. Different copies of the pattern are shifted in space, so that 

the peaks of some fill the valleys of others resulting in a smooth profile when 

averaged in time. The approach is statistical in nature so the overlap of N 

random speckle patterns reduces the root-mean-square (rms) nonuniformity arma 

by 1 Figures (1.4)(b).(c) and (d) show time averaged intensity profiles,

obtained by overlapping 10. 100 and 1000 speckle patterns respectively. The 

initial rms nonuniformity arms = cr0 =  100%. Fig.(1.4)(a). is reduced to 10% in 

the second case. Fig.(1.4)(b), and 3% for the last case, Fig.(1.4)(c).

A number of schemes have been developed that cause the irradiation pattern 

to change rapidly in time so that its effect on the plasma will average out in time. 

The induced spatial incoherence (ISI) was the first beam smoothing technique of
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Figure 1.5: Schematic plot of the ISI concept in 2D. The echelon splits the 
broadband laser beam of coherence time tc into mutually incoherent beamlets 
introducing time delays tk — f/t-i- The beamlets are focused onto the target 
producing a smooth time averaged profile for times ;»  tc.

this type to be developed. The ISI concept in its conventional (far-field) [25. 26] 

version is illustrated in Fig.(1.5). A broadband laser beam (bandwidth At/ »  

1 /tpuisc is passed through an echelon structure, which imposes different optical 

delays upon different transverse sections of the beam. If the delay increments 

A t = tk — tk-1 are bigger than the optical coherence time tc = 1 /A u. The beam 

is thus sliced into a large number of mutually incoherent beamlets. At the focal 

plane they overlap, producing a complicated interference pattern, modulated 

by a smooth envelope. On time scales larger than the coherence time tc. the 

interference pattern averages out. leaving only the smooth diffraction envelope. 

If the hydrodynamic response time of the target. th. is such that th 2 > tc. the 

rapidly changing interference pattern will effectively be ignored.

These techniques, when applied to gas lasers are usually called partially co

herent light (PCL) techniques. In this approach the spatial coherence of the laser 

light is altered at the front end of the laser, before the beam is injected into the 

main amplifying chain. The reduction of the beam coherence in the front end of 

the laser minimizes the risk of self-focusing responsible for the formation of high 

frequency spatial modulations.

The experiments [50] and theoretical analysis [28] showed, though, that non

linear optical effects can distort the envelope of the focal spot profile, even at
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low power. The distortion involves "scraping" of the laser pulse and subsequent 

appearance of a wide low-level pedestal in the light spectrum. Thus the ampli

fication of partially incoherent light in large, high-power glass lasers is likely to 

be limited by a combination of nonlinear effects such as self-focusing, self-phase 

modulation and two-plasmon decay. The limit was found to result mainly from 

the spatial incoherence (extended source), rather than from the temporal inco

herence (spectral bandwidth). This is the reason that the ISI/PCL approach 

was discarded as a smoothing technique for the NIF.

The proposed technique for NIF is that of smoothing by spectral dispersion 

(SSD). The general concept of SSD is to spectrally disperse broad-bandwidth 

light onto a phase plate so that each element of the RPP is irradiated by a 

different frequency. The relative phase between beamlets from different phase- 

plate elements will then van- in time according to their frequency differences. 

The larger the bandwidth, the more rapidly the structure will change and the 

more rapidly the smoothing will take place.

There are two variations of the SSD experimental setup. In the first one. re

ferred to as one-dimensional (ID) SSD [44] the laser light is spectrally broadened 

by phase modulation using an electro-optic crystal. A pair of diffraction gratings 

are used to angularly disperse the frequencies across the beam, without distort

ing the temporal pulse shape. The beam is split into beamlets with RPP. such 

that the beamlet diffraction-limited focal spot is the size of the target. Because 

of the frequency differences this results in shifted patterns that average out in the 

focal plane. In the two-dimensional (2D) scheme [46] two modulators of different 

frequencies are used together with two diffraction gratings perpendicular to each 

other.

Recently. SSD has been used in combination with another technique, called 

polarization smoothing (PS) [13. 33]. The polarization smoothing [47. 48] divides
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Figure 1.6: Schematic diagram of a polarization smoothing using a wedge of 
birefringent material. The laser beam is split equally into two beamlets with 
orthogonal polarizations, which are deflected by the wedge at slightly different 
angles resulting in two shifted patterns at the focal plane.

the light power into two beams with crossed polarization and slightly shifted 

focal speckle patterns.

In many experiments, combinations of different smoothing techniques are 

explored. Examples include SSD -t- PS [46. 1], RPP+PS [18. 13] and SSD+KPP 

[20. 33]. In all of them RPP is an integral part of the laser chain.

Although initial studies of the effects of spatial and temporal incoherence 

were concentrated on hydrodynamic instabilities such as RT. it became clear 

that the incoherence also contributes to suppression of parametric instabilities 

such as Raman [41. 17. 16]. Brillouin [31. 13. 15. 16] and filamentation [22. 33].

The emission and absorption of light are strongly affected by scattering pro

cesses. In the absence of plasma effects, a wave may be scattered by Thomson 

or Compton scattering, in which the wave field causes the particle to oscillate 

and as a result there is an emission of dipole radiation. If we use the language 

of quantum physics, the elementary scattering process can be illustrated as in 

Fig.(1.7)(a). Here, a photon, represented by the dashed line, is absorbed by a 

particle, the solid line, and another photon is emitted. According to the law of 

energy conservation, the particle energy loss is transformed to a change of wave 

frequency. In plasma, the wave changes the properties of the medium, leading 

to more complicated nonlinear scattering. Fig.(1.7)(b). In this case we observe 

a three-wave process, reviewed below.
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Figure 1.7: Scattering processes: (a) scattering of wave by particle, (b) scattering 
with emission of an intermediate wave.

A plasma is an inherently nonlinear medium capable of sustaining a wide 

variety of waves and instabilities. Figure (1.8) shows the operation regions for 

different parametric instabilities for an electromagnetic wave incident on a plasma 

with a linear density gradient.

SRS is the process in which the incident wave decays into another electro

magnetic wave and electron plasma wave. For a linear density profile. Raman 

backscattering is a convective instability except in the vicinity of N/4. where it 

merges with two-plasmon decay (TPD) instability to form an absolute instability. 

The threshold for convective backscattering SRS is given by:

I > 40* s r s  >  t — •L \A q

where I is in units of lO^U’/cm 2. L \  is the density scale in units of 100/im and 

the wavelength A0 is measured in /im.

SBS is the process where the incident wave decays into another electromag

netic wave and an ion-acoustic wave, with threshold

I s b s  >  1-7 - — -— — — .{n/nc)Lu A0

where the velocity scale length is in units of lOO^m and the electron temperature. 

Te. is measured in keY.

Filamentation instability is a four-wave interaction. The traveling wave. 

(u.'0.ko), emits ion acoustic waves in opposite directions coupling two reflected
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Figure 1.8: Diagram of the operation regions for different parametric instabilities. 
Shown as points are the TPD and the oscillating two-stream instability (OTS).

electromagnetic waves. The waves with up-shifted and down-shifted k-compo- 

nents are called Stokes and anti-Stokes waves respectively. A purely growing 

instability occurs that deflects the wave energy into the transverse direction, 

which leads to the formation of long filaments.

The TPD process is one in which the incident wave decays into two Langmuir 

waves. Its threshold condition is

I t p d  >  0  5 4  f  .
L s  ̂ 0

When laser light propagates through a two-species plasma composed of elec

trons and ions, a variety of physical processes takes place. They can be cast into 

two groups, low and high frequency respectively, depending on which species, ion 

or electron, play the the primary role in these processes.

This study addresses the low frequency ion response on propagation of long 

(hundreds of picoseconds) and intense laser pulses through underdense plasma. 

It examines in particular the effect of plasma induced smoothing and its effect 

on parametric instabilities such as stimulated Brillouin scattering, filamentation 

instability, and the self-focusing instability (SFI).
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Several experiments have shown that a laser beam propagating in an under- 

dense plasma develops angular spreading and spectral broadening with a shift 

toward longer wavelengths [57. 56. 65]. Similar plasma induced angular spreading 

and red shift have been observed in simulations [64. 54] describing the interac

tion of a coherent beam with a plasma. These results were explained in terms 

of forward SBS and filamentation instabilities. On the other hand, numerical 

studies [63] with RPP laser beams have shown that both the angular divergence 

and temporal bandwidth of the transmitted light are larger than those of the 

incident light in regimes where filamentation does not reach a steady state. This 

ability of an underdense plasma to induce temporal incoherence together with 

an additional spatial incoherence to a propagating laser beam is called plasma 

induced smoothing.

The angular and spectral broadening of the laser beam can be related to 

spatial and temporal statistical characteristics of the laser field. We give the 

following interpretation of its origin in the regime where the average power in 

a speckle approaches the self-focusing threshold for laser filaments to form in 

the front part of the plasma. The high-intensity filaments are unstable [62. 61. 

55. 60] and the instability corresponds to forward SBS growing inside the cavity 

formed by the density depletion associated with the filament. The temporal 

growth rate is characteristic of the so-called strong coupling regime [55. 60]. 

This instability gives rise, in the front part of the plasma, to scattered waves, 

which are temporally incoherent and characterized by a large spectral red shift 

and a broad angular distribution. This waves can then be spatially amplified 

during their propagation through the plasma by the forward SBS instability in 

the so-called incoherent regime of three-wave coupling. This incoherent spatial 

amplification corresponds to a collective process in the sense that it involves a 

spatial domain larger than the size of a single hot spot. In Fourier space, it gives
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rise to an increase of the angular width and of the spectral broadening while 

propagating further inside the plasma. In real space, it results in speckle size 

and correlation time both decreasing with the longitudinal coordinate. In the 

low intensity regime these effects result from a single scattering process only. In 

the case of higher laser beam intensities, the scattered waves can themselves be 

unstable with regard to forward SBS. leading to a multiple forward SBS process. 

This leads to further angular and spectral broadening of the transmitted light.

The ability of the plasma to introduce additional incoherence to a propagating 

laser beam has important implications concerning the growth of backscattering 

instabilities. We show that additional spatial incoherence by itself is able to 

reduce backward instabilities, because the gain factor is smaller in the shorter 

speckles. In addition, it has recently been shown [53] that even a small level 

of temporal incoherence is able to dramatically reduce backscatter instabilities. 

Namely, in contradiction with usual estimates [58. 59]. it is found that a corre

lation time as long as a few growth times can reduce the reflectivity by several 

orders of magnitude.

To summarize, in the case of single beam interactions, plasma self-induced 

smoothing gives rise to angular broadening, spectral broadening and red shift 

of the transmitted light. It involves the self-focusing instability of speckles con

taining more power than the critical pow’er for self-focusing, and the subsequent 

dynamical evolution of laser filaments, coupled to forward SBS. In the case of 

crossed beam illumination, we have found that plasma self-induced smoothing in 

addition to these single beam effects dramatically enhances large angle forward 

SBS by which the energy of one beam can be transferred to the other. It is a 

very important feature because the energy transfer between crossed-beams can 

destroy the carefully designed energy balance between the multiple laser beams 

in the inertial confinement fusion experiments, thus affecting the symmetry of a
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pellet illumination.

The content of the thesis is organized as follows. In Chapter 2 we specify 

the theoretical model used in our simulations. The mathematical formalism 

based on the hydrodynamic approach is used to derive the electromagnetic and 

ion-acoustic wave equations. We employ these equations in two ways. Firstly, 

after a concise discussion of physical mechanisms and the characteristics of SBS 

and ponderomotive self-focusing in the framework of the parametric processes, 

we derive the dispersion relation for those two instabilities and extract some 

simple linear characteristics that are used to identify the parametric processes 

in the following chapters. Secondly, we describe the model equations used in the 

numerical simulations and their discretization and parallelization.

In Chapter 3 we explore the early-time evolution of a single hot spot laser 

beam. We derive the basic equations for the single speckle resonant instability. 

Theoretical analysis and numerical simulations of the filament instability are 

presented.

In Chapter 4 we construct a theoretical model of a realistic single hot spot 

laser beam using a combination of two Gaussian distributions fitted to the ex

perimental data for for beam profile and use it in a series of numerical simula

tions. Some of the presented results include the FI of a wide laser beam, the 

beam evolution in time, and the reflected and transmitted light as a function of 

plasma density. Special attention is given to the spatial-temporal evolution of 

near-forward SBS and FI and their mutual interplay.

In Chapter 5 we consider a single spatially incoherent laser beam. After an 

overview of the different optical smoothing techniques, we derive the model of 

our laser beam on the basis of random phase plate. Next, we analyze the spa

tial and temporal incoherence of the propagating beam with the help of suitably 

defined correlation functions. We characterize quantitatively the ability of an
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underdense plasma to induce temporal incoherence together with an additional 

spatial incoherence to a propagating laser beam and quantitatively character

ize the plasma induced smoothing by introducing a local (in space and time) 

f-number of the laser beam. We explore the development of plasma induced an

gular spreading and spectral broadening with a shift toward longer wavelengths. 

We derive a theoretical model for single forward Brillouin scattering from a spa

tially incoherent beam, present simulation results for the spectral shift of the 

transmitted light, and explain the reduction of backward SBS

In Chapter 6 we present a model for two crossed spatially incoherent laser 

beams. We describe the set of experiments that formed the basis for our numer

ical simulations and the typical parameter sets of the computational runs. We 

show the results from the numerical simulations for the time evolution of the 

system characteristics such as beam power and angle between beams for crossed 

beams with equal intensities. We discuss the frequency spectra of the trans

mitted light in detail and perform a close comparison between experiment and 

simulation. We also discuss the density fluctuation spectra for the same case. 

Lastly, we consider the energy transfer between crossed beams with colors in the 

case of beams with equal intensities and beams with different intensities.
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Chapter 2 

Basic concepts

A plasma is a many-particle system and it is natural to use methods of Statistical 

Physics to describe i t[7. 13. 26]. Although such an approach allows considera

tion of kinetic effects like Landau damping, it requires the use of complicated 

mathematical apparatus and so is difficult for numerical implementation.

An alternative approach, adopted in this study, is the method of multi- 

component hydrodynamics, see as ex.[14. 38]. For a two-component plasma, 

consisting of electrons and a single species of (positively charged) ions, the large 

difference in the masses of the two components does not allow for fast energy- 

exchange between the electrons and the ions. This makes it possible to consider 

the plasma as a collection of "fluids" -  as many as there are plasma components.

The connection between the two approaches is well known [4. 38]. Using 

the kinetic theory formalism and taking the first two moments of Boltzmann's 

equation for the distribution functions / Q(vQ. rQ.t) for each of the components. 

q .  one can obtain the continuity and fluid force equations, which are the basis 

of the hydrodynamical approach.

In the following Section. 2.1. we lay out the theoretical foundation of the 

hydrodynamic approach. The mathematical formalism specified there is then 

used to derive the electromagnetic and ion-acoustic wave equations in Sections 

2.2 and 2.3 respectively. In Section 2.4 we discuss the physical mechanisms and

27
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the characteristics of SBS and ponderomotive self-focusing in the framework of 

the parametric processes. In Section 2.5 we present a detailed derivation of 

the dispersion relation for those two instabilities and derive some simple linear 

characteristics that are used to identify the parametric processes in the following 

chapters. Section 2.6 contains a description of the model equations used in 

the numerical simulations and their discretization and parallelization. The last 

Section of this chapter. 2.7. presents the Gaussian laser beam model that is used 

extensively in the numerical calculations.

2.1 Theoretical foundations

The propagation of light is described by Maxwell's equations:

1 dB
V x E  =  -  -XT. (2.1)c at

1 dE  4rr
V x B =  - - T -  + — J. (2.2)c at c

V E = 4-p . (2.3)

V B = 0. (2.4)

where c is the speed of light. The total charge density p

P = '52naqa- (2.5)
Q

and the total current density J

J  =  X M qUq. (2.6)
a

are related by the charge conservation equation

^ + V J = 0 .  (2.7)

Here na is the density of a-type particles. uQ is the ensemble-averaged flow ve

locity and the subscript a = e .i denotes the electron and ion species respectively.
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All considerations of this study are based on the general model of an ion 

wave response to the ponderomotive force of an electromagnetic wave in a two- 

dimensional Cartesian geometry. The model is inferred from the two-fluid model, 

which treats electrons and ions as conducting fluids coupled through collisions 

and Maxwell's equations. In this approach, plasma is described by the continuity 

equation
fifl
- ^  + V - ( n Qu) = 0. (2.8)

and an equation of motion

E + ^uQ x b )  -  VpQ. (2.9)

where ma is the mass of a-type particles *. The last equation is often called the 

momentum transfer equation [33]. Its left hand side is the full time derivative of 

the velocity uQ and represents the change of momentum (per unit volume per unit 

time) in a plasma element moving with velocity uQ. The next term is the change 

of momentum due to the force of the average fields. The last term represents the 

force related to the scalar pressure pQ due to spatial inhomogeneity.

The above set of moment equations is not closed, because each equation in

cludes higher velocity moments. In order to close the system of hydrodynamic 

equations we use the thermodynamic equation of state, which connects the dy

namic change of pressure p with the change of particle density p

There are two different cases with respect to the description of the pressure 

term. VpQ. which are of interest for us. In the first.isothermal case, when the 

temperature of species a  is varying slowly compared to the wave period, one

“The r.h.s. of the equation of motion. Eq. (2.9). can be easily adapted to account for the 
presence of a magnetic field (via the term V • P for the stress-tensor P) or collisions (via the 
term mana(uQ — Uo)/ra. where uo is the velocity of the neutral plasma component and rQ is 
the mean collision time for type a species.

fThis is similar to the reduction of the BBKGY hierarchy chain of N-particle distribution 
functions to a one-particles distribution function of Vlasov's equation by neglecting the higher 
order correlations [36].

n ° m ° (I -+- uQ ■ V uQ = naqQ
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obtains

Vpa = V(naTa) = TaV n a. (2.10)

On the other hand, for rapidly varying compression, i.e. adiabatic

Vpa = V (naTa) = TaV na + naVTa = ~aTaV n a, (2.11)

where ~Q =  (2 +  -V)/.V is the ratio of specific heats and N is the number of

degrees of freedom.

This lays out the basic groundw’ork for the derivation of electromagnetic and 

ion-acoustic wave equations in the next two subsections.

2.2 E lectrom agnetic wave equation

Choosing to work in terms of a vector potential. A. and an electrostatic potential. 

O. the electric nd magnetic fields can be written as:

1 d A  „
E = - — - V o .  (2 .12)c at
B = V x A. (2.13)

Eq. (2.2) takes the form

r- r ,  a 4?r,  1 52 AV X  V X  A = — J  -  — — ------- —Vo. (2.14)c cJ at c at

For the l.h.s. we can use the vector identity

V x V x A =  V(V-  A) -  V2A. (2.15)

which can be simplified using the Coulomb gauge V • A =  0. so Eq. (2.14) 

becomes

= (216)
To simplify the r.h.s. we derive the Poisson equation by substituting for the 

electric field in Eq. (2.3) and obtain

V2d = -4rr p. (2.17)
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Using Eq. (2.17) and Eq. (2.7) gives

(2.18)

Separating the current density J  into transverse J x and longitudinal J|| parts

so the RHS of Eq. (2.16) reduces to 4nJj_/c. To substitute for J x in this expres

sion we neglect the ion contribution in the current density, Eq. (2.6). and linearize 

the equation of motion. Eq. (2.9). for the electrons, using plasma homogeneity 

(i.e. ne(x) = ne0) to set Vp = 0. The result is

and we obtain the following equation for the vector potential A of the light wave

The next step of the derivation is based on the fact that the problem has 

two different time scales due to the large mass difference between electrons and 

ions forming the plasma. In order to separate the two scales, we represent the 

quantities of interest as a linear combination of terms having fast and slow time 

dependence and perforin averaging over the fast time scale. Taking into account 

that o;0 S> uipe we choose the laser frequency u,’0 to establish the fast scale. We 

use the observation that the slow time-scale variables are practically constant

J  — J x -+- J||. (2.19)

and taking into account that V • J x =  0. Eq. (2.18) gives

( 2 .20)

dt m (2 .21 )

Hence

( 2 .22)

(2.23)
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over the short time interval 2tt/u;o to integrate the corresponding equation from 

any time t to t -+- 2tt/ u,'o. For this purpose we substitute into Eq. (2.23) for

where the electron density ne contains both high 6neh ~  6n/,(r)e-,wof and low 

Snei ~  Sne(r) density fluctuations around the uniform background density neo. 

The vector potential. A. has only a high frequency component for the processes 

under consideration in this work. The averaging over the fast time scale is defined

as

It gives for example < 6nel > = 8ne and < 6nefl > =  0. So to retain only the 

slowly varying terms we first multiply Eq. (2.23) by the factor exp(iu;o£)- The 

result after averaging is

which describes the scattering of a large amplitude high frequency light wave A/, 

by a small amplitude low frequency density fluctuation 8ne.

2.3 Ion-acoustic wave equation

To derive an equation for the plasma density fluctuations we begin with the 

equation of motion. Eq. (2.9). for the electrons and use the vector identity

A =  A*

n eo + 8nei 4* d n eh

(2.24)

(2.25)

(2.26)

(u • V)u =  ^V(u2) -  u x (V x u). (2.27)

to obtain

due
x ue
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The first term in the r.h.s. vanishes because the expression in brackets is a 

constant vector. To show this we take a derivative and substitute from Eq. (2.21) 

and Ampere's law Eq. (2.1).

V x X - - - ?  =  - - V x E  + - V x E  =  0' (2.29)dt m c dt m m

Hence the equation of motion. Eq. (2.28). simplifies to

^  = (2.30)dt 2 m nem

Separating the velocity ue into longitudinal Ui| and transverse components

U e = U |  + —  . (2.31)me

and substituting for the electric field from Eq. (2.13) we obtain:

dui: e _  1 _ /  eA \*  V pe
-~ r  =  V o - - V  ui, + — --------- . (2.32)at m 2 \  me J nem

Since we are considering low frequency fluctuations, we neglect the electron in

ertia (du,]/dt —► 0) and use the isothermal equation of state Eq. (2.10)

e _  1 _  (  eA \ 2 Vnf ,
—V o = - - V  u i + —  -  i f e . 2.33
m 2 \  me J ne

where

vTe = y jT jm .  (2.34)

is the electron thermal velocity. Separating the fast and slow time scales as in 

the previous Section 2.2. using Eq. (2.25) and letting o =  8oi. averaging over the 

fast time scale gives

-V d o , =  - ^ V  (A I )  + L̂ V S n e. (2.35)m m zc? x ' ne0

To account for the ion response we linearize the continuity equation. Eq. (2.8),

and the equation of motion for the ions. Eq. (2.9). by letting

tb =  Ujo + 8nu, (2.36)

Uj =  du,/. (2.37)
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end neglecting the ion pressure

ddTitf
dt + nl0V • Sun =  0 . (2.38)

V io, = 0. (2.39)

Combining the time derivative of Eq. (2.38) with the divergence of Eq. (2.39) we 

obtain

For the final step in the derivation we take the divergence of Eq. (2.35) and 

substitute for V 2Soi in Eq. (2.40) and use the electro-neutrality conditions

Zn l0 = ne0. (2.41)

ZSn,i = Sne. (2.42)

Denoting the ion-acoustic velocity as

c , = j Z T J U .  (2.43)

we obtain the following equation for the low frequency density fluctuations

( | L - ^ ) * „ ,  = § ^ I V ’ (A 2 ). (2.44)

Before extracting some important quantitative information from the elec

tromagnetic and ion-acoustic equations, in the following section we present the 

physical picture of the processes.

2.4 Param etric processes

The plasma response to an externally applied force is realized through its natu

ral (normal, principal) modes. The excitation and amplification of these plasma 

modes by an electromagnetic pump wave can be described in terms of paramet

ric processes. The pump wave modifies the plasma parameters that enter the

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



CH APTER 2. BASIC  CONCEPTS 35

60 60
( a ) - (b)

■ 0 .1 --------------
 0 .2  0-2

■0 . 3 ----------------------------------- 0  3 -

400
_________________________________4 0 -
40 80 120 160 0

x ( | i m )

40 80 120 160
x (J im )

Figure 2.1: Intensity contour plots for a single Gaussian beam at different 
moments in time: T  =  0 (a) and T = 7ps (b). Parameters of the run are 
I0 =  1.46 x 10I3ir /c m 2. ne/ n c = 0.4. f m = 4.

the result is the generation of parametric instabilities with parameter -  the wave 

intensity.

The basic mechanism behind the parametric instabilities is the process of 

wave coupling. in which the incident pump wave drives other wave modes through 

coupling provided by the plasma. Then the daughter waves beat together so that 

their sum or difference of frequency and wave-numbers matches the frequency 

and the wavenumber of the driving wave. The process will be efficient only when 

the driver is strong enough to overcome the losses of the generated waves.

In an unmagnetized plasma there are three principal m odes supported by 

the system:

•  transverse electromagnetic wave (lJ0. ko) with frequency u;o and wave-vector 

ko related by the dispersion relation:

dispersion relation of the plasma modes and if the wave intensity is large enough

(2.45)

where
,2

a 'p e
47rne0e2

(2.46)m
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is the plasma frequency.

•  longitudinal Langmuir wave with dispersion relation:

(2.47)

•  low-frequency ion-acoustic wave (u.’s. k4) with dispersion relation:

(2.48)

There are many possible processes in which the driver wave decays into var

ious combinations of principal plasma modes. For parameters where some of 

these processes can exist simultaneously, they influence each other. Typical ex

amples for such influencing each other processes are SRS+SBS and SBS+FI. 

Figure (2.1) illustrates laser-plasma interaction that involves both SBS and SFI 

processes. It shows two intensity contour plots for the case of a Gaussian beam. 

The parameters for this particular run are Iq =  1.46 x 10laUycm2. ne/ n c = 0.4. 

/ # =  4. Figure (2.1) (a ) represents the intensity contour plot for the initial time, 

and Fig. (2.1)(b) is for the later instant at T  = Tps. Both contours are plotted for 

the contour levels indicated on part (a) of the figure. Figure (2.1)(b) show's the 

self-focussing of the laser beam. The left half of Fig. (2.1)(b) show's the typical 

picture of backward SBS.

In this study we confine ourselves to consider only low-frequency processes, 

i.e. processes involving ion dynamics. Such an involvement of the ions in prop

agation of light through a plasma encompasses both light scattering represented 

by SBS. and the change of the properties of the light as a result of self-focusing 

and filamentation. In the next two subsections wre describe those instabilities in 

detail.
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2.4.1 Stim ulated  Brillouin scattering

The first rigorous study of Brillouin scattering was performed for wave propaga

tion in multidimensional lattices [9]. Later, because of its detrimental effect on 

light propagation in plasma, further extensive explorations by many researchers 

followed [see as ex. [21. 41. 12. 10] and the references therein].

When light propagates through a medium it scatters because of fluctuations 

in the optical properties of the medium. There are two groups of scattering 

processes, spontaneous and stimulated. Spontaneous scattering occurs when the 

optical properties of the material system are not changed by the presence of the 

incident light so the fluctuations that cause the scattering are only excited by 

thermal or quantum-mechanical effects. On the other hand, when the inten

sity of the incident light is sufficiently high to modify the optical properties of 

the medium, then the fluctuations are induced by the light field itself and the 

scattering process is termed stimulated.

The most important example of a process of stimulated light scattering due to 

induced density variations of the plasma is stimulated Brillouin scattering. The 

SBS process belongs to the family of parametric instabilities that can occur in the 

sub-critical region of a plasma irradiated by an incident laser beam. Common to 

all these processes is that the incident (pump) wave decays into two other waves 

through the coupling provided by the plasma.

As shown in Fig. (2.2) stimulated Brillouin scattering is a resonant process 

of three-wave coupling in which an incident wave of amplitude E0. angular fre

quency a.'o. and wave vector ko- scatters off an ion-acoustic wave of amplitude 

Sne. frequency »j,. and wave vector ko. to form a reflected electromagnetic wave 

with amplitude E\. and lower frequency and wave vector ki.

The three waves involved in the interaction obey the laws of conservation of 

wave energy and momentum, as they are expressed in frequency and wavenumber
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laser pump
(E0.gi0. k0)

scattered light
( E i . M i . l t , )

sound wave 
(8n.ojs. ks)

Figure 2.2: Schematic representation of the stimulated Brillouin scattering pro
cess.

matching conditions respectively:

.Jo = (2.49)

ko = k t + k,. (2.50)

where (^’0.k 0) are the frequency and wave number of the pump wave, (.ci.ki) - 

of the scattered wave and (»c.,.ks) - of the ion acoustic wave. Whether or not 

the resonant three-wave interaction will occur depends on the simultaneously 

satisfying of both the resonance conditions (2.49.2.50) and the dispersion rela

tions (2.45.2.48). These conditions are conveniently represented in the dispersion 

(^•.k) diagram. Fig. (2.3).

The physical mechanism of SBS can be described as follows. The incident 

electromagnetic wave. £ 0. couples to the initial plasma density perturbations. Sn. 

leading to a scattered wave. E\. The resulting field. E0E\. drives the electron 

oscillations via ponderomotive force, creating local charge imbalances. Ions, 

due to their large mass, do not respond directly to the driving field, but only 

through Coulomb coupling to the electrons. The local charge imbalances, because 

of the particle inertia, lead to a density ripple. Sn. i.e. an ion acoustic wave. 

The enhanced density perturbation. Sn couples to the incident pump wave, thus 

closing the instability loop. If the pump wave is intense enough, so that some 

threshold value is reached, the result will be back and side scattering from this
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(0

electromagnetic
wave

sound wave

k

Figure 2.3: Frequency and wave vector matching conditions for the stimulated 
Brillouin scattering process.

Figure 2.4: Polar plot of the stimulated Brillouin scattering process.

ion-acoustic wave (IAW) [cf. Fig. (2.4)].

Here one important point has to be made, namely that the scattering happens 

in a wide angle as shown on Fig. (2.4). The importance of an adequate description 

of the side scattering will be stressed later in Chapter 4.

Figure (2.5) shows the polar diagram of the growth rate in homogeneous infi

nite plasmas as a function of the scattering angle. It is clear that the maximum 

growth rate is for the backscattering direction. To initiate the instability, the 

presence of at least one of the two decay waves is needed at the beginning. Ac-

pump
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■SC

Figure 2.5: Polar plot of the stimulated Brillouin scattering growth rate as a 
function of scattering angle.

cordingly. if we borrow some terminology from nonlinear optics [8] the following 

two ’pure' cases are possible, namely SBS generator and SBS amplifier. In the 

first case, only the laser beam is applied externally, while both the secondary and 

the I AW grow from (thermal) noise in the interaction region. The secondary wave 

is created at frequencies near the one for which the gain coefficient is largest. In 

the second case, a small electromagnetic seed is applied externally. Strong cou

pling occurs only if the seed frequency is close to the resonant frequency.

In terms of the nonlinear optics. SBS involves the so called ‘optical mixing' 

in which the pump wave beats with the secondary wave forming an amplitude 

modulated ('beat') electromagnetic wave. When the ponderomotive force pro

duced by this wave is strong enough to drive the original ion-acoustic mode, then 

a feedback mechanism is established and the scattered wave and the IAW grow 

together. *

We will review the effect of the ponderomotive force in greater detail in the 

next subsection.
Wet another way to express this process is in quantum- mechanical terms [28. 1] as the 

following two-way decay: 
p h o to n  —► p h o to n  +  p la s m o n
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81 5ne wave front

!
/  l V  *

(a) (b) (c) (d)

Figure 2.6: Sequence of events comprising ponderomotive self-focussing. Here SI 
is the nonuniform intensity of the electromagnetic field. F p is the ponderomotive 
force and Sne is the change in plasma density.

2.4.2 Ponderom otive self-focussing and filam entation

Self-focussing is a consequence of nonlinear plasma response through a change 

in the refraction index [30]. The nature of the self-focusing process is illustrated 

schematically in Fig. (2.6). Here an initial local increase of laser beam intensity 

SI. Fig. (2.6) (a), leads to change in the ponderomotive force. Fig. (2.6) (b).

2 \ V me (2.51)

The effect of the ponderomotive force is to expel the electrons from the region of 

higher field intensity. Fig. (2.6) (c). creating a plasma density depression in this 

region. The depletion of electrons increases the index of refraction 5

(2.52)

in the spot of higher intensity. This slows down the phase velocity of the light 

wave, increasing the optical thickness and thus creating a convex lens. Fig. (2.6)

5 The filamentation can result from other mechanisms like thermal force, in which local 
heating leads to the same effect via plasma expansion [18]. or relativistic effects, where a high 
quiver’ velocity from a sufficiently strong laser induces a relativistic increase of the electron 
mass. In some cases those effects can coexist [34].
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I
£

200 0*0 MO

Figure 2.7: Typical experimental intensity cross section profile of filament driving 
beam. Reprinted from H. A. Baldis [5].

(d). which additionally increases the intensity of the spot. This closes the in

stability loop because the light intensity increases more in the places where it is 

higher. The process continues until the electron density is too small to effectively 

refract the beam [31].

The instability can be launched either by an initial density perturbation or 

by non-uniformities in the incident laser beam. The latter is possible because 

the spatial profile of a typical laser beam consists of numerous localized intensity 

peaks of different size [cf. Fig. (2.7)] that act as seed for filamentation.

Filamentation and self-focusing are two different manifestations of the same 

process, the former taking place when the beam diameter is larger than the scale 

of the transverse variations of density. The process of self-focusing as observed 

in simulations is illustrated on the second half of the contour plot in Fig. (2.1). 

The drastic decrease of the beam cross section along with the local increase 

of the beam intensity due to this process is more clearly seen in Fig. (2.8)(a). 

Figure (2 .8 )(b) illustrates the filamentation process for the same run at T  =  7ps.
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Figure 2.8: Comparison between self-focusing, (a), and filamentation. (b). Inten
sity contour plots for a single Gaussian beam at different moments in time: T  = 0 
(a) and T  =  7ps (b). Parameters of the run are I0 =  1.46 x 10l5H'/cm2. ne/ n c =

On both parts of Fig. (2.8). a and 6. the beam intensity cross section at the initial 

time is shown for comparison with dashed lines. As we see. self-focusing leads to 

contraction of the whole beam cross section. Fig. (2.8)(a), while the filamentation 

instability result is to break the beam into localized intensity peaks, Fig. (2.8)(b).

Filamentation is a non-resonant four-wave process, (see Fig.(2.9)). in which 

the incident light wave. ko. decays into two counter-propagating ion waves, k ’s 

and k". and a forward-propagating light wave.ki. The ion waves have the same 

frequency and lead to a spatial modulation of the laser light.

Self-focusing can occur only if the beam power is sufficiently large. Otherwise 

the tendency of the beam to contract because the nonlinear change in refractive 

index will be suppressed by the tendency of the beam to spread due to diffraction

0.4. U  = 4.

effects.
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Figure 2.9: Schematic representation of the filamentation process.

2.5 D ispersion R elation

To derive the dispersion relation [16. 35] we use the Fourier transform defined

as:

fit.t) = ^  j  dk(L.’ e-""-“>/(k.*'). (2.53)

/(It.*) = ^ - 7  /  rfr*..-'!k' - ‘7(r.(). (2.54)

Introducing the following linear differential operators

D(r.t) = | ^ - c 2V2 + *2 + 2-.£ j [ .  (2.55)

L(r.t) = ^ - c ; V 2 + 2-„j | .  (2.56)

where is the damping of the electromagnetic wave and 77.4 is the damping of 

the ion acoustic wave. \Ve rewrite Eq. (2.26) and Eq. (2.44) with explicit variable 

dependence as

D(r. t)Ah(r. t) =  - ^ d n e(r. t )A h(r. t). (2.57)

L ( T . t ) S n e(T. t )  = ^ V 2 < A 2 > . (2.58)
m M c r

Representing the functions with their Fourier integrals

D ( r . ( ) ^ / e,(k’',-'yoA(k'.*’') = (2.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



CH APTER 2. BA SIC  CO SCEPTS 45

f  ^  ^  e l{tt' r- ^ ’t]S h e i k ' .  J )  j  d t i ' d J '  e,(k" r- J"t)A ( k " . / ) .  

L ir . t ) - ^ —  ( d t i d J  e,(* r~Jt)Sheik!. J )  =  (2.60)
(2tt) j

nsifL _ 1 _  ( [ aiiJ el|k' A»(k’. J )  ■ [ dk’d S  e,(k" A*(k".^")\ .
m M c -  ( «2tt ) *■ \  J J /

The differential operators D and L in Fourier space yield the quantities:

Dik.  u,-) = - J 1 + k2c2 +  J L  -  2iu,nE. (2.61)

Lik.u.-) = -u;2 + k2c ; (2.62)

where
.2~pe Vet

and uei is the collision frequency for electron scattering by ions [35]. Taking the 

inverse Fourier transform of Eq. (2.61) and changing the integration order we 

obtain

D(k.u.')Ah(k.^) = (2-63)

-  - i y A r  f  dk!  cL;" 6 h e( *  ~  k".-; -  J ' ) A h ( k T . J ' ) .
( 2 ~ ) ~  J

L(k. u:)Sheik. u.') = (2.64)

2̂ ( ~ * 2 ) I ~  k" - '  -  *•") ' A /.(k"-'")) •

where the definition and properties of the (5-function were used [32]

<5(k.u?) = 6 { k x )6 (k y )6 { k : )6(+') =  J -  [ d r d t e - l {k r - ^ .  (2.65)
( 2 / i ) J

To be able to resolve the integral in the r.h.s. of Eq. (2.63) and Eq. (2.64) we 

assume that the driver A 0 is a plane wave with wave number ko and frequency

~/-'o

A/,(r. t) =  Ao cos (ko • r — u;0t) =  ^  ê«(koT-<*>00 +  e-t(ko r-»>oÔ  (2.66)
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Its Fourier transform

A h(k".-;") =  [  drd t  [e «-(i«o-k")T-iUt.--»")i +  e i ( - k o - k " ) - r - « ( - w o - w " ) t ]  <
2 (2tt )“ J *• ■*

(2.67)

after the integration takes the form

A„(k". J ' )  =  ^  (<5(k0 -  k". u;o -  - ’") + <5(ko + k". ^  . (2.68)

Substituting Eq. (2.68) into Eq. (2.63) and Eq. (2.64) yields

£>(k. u;)A/,(k.-j ) =  (2.69)
Ao— (dne(k — ko. — ^’o) + dne(k + ko,<jJ +  -^o))

£(k. u;)She(k.. *•) = (2.70)

" ° \ r  * ( A / i ( k  — k o < ^ ’ — -t-’o )  +  A ^ ( k  +  k o .o , ’ -+- ^ ’o ) )  .m M c2 2 v '

Adding the expressions of Eq. (2.69) for both down-shifted and up-shifted argu

ments. k±ko.^'±u.’o. and neglecting the non-resonant terms. <5he(k±2ko,^’±2u,,o). 

we obtain the following sum:

Ah(k -+- ko. u,* -t- u,'o) 4- A/,(k — ko, -<*’ — ^ o) =  (2.11)

-.’Je ^ -d M k .- ;)  ( £ , ( k _ ko<^ _ ^ 0) +  D(k +  ko.-/ + -:0) )  '

We next use this expression to obtain the dispersion relation from Eq. (2.70):

•̂2 -  k2c] + 2 ^ 7 .4  = (2.72)
k2v'L ,2 / _______ 1________  ,  1_______ \

4 *** \f^ (k  — ko. — û o) D(k +  ko. +  <̂’o) /

where
_  I Zm

^pi -  ^’pe]] -Jj~

is the ion plasma frequency and

eA0
me

(2.73)

(2.74)
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is the electron quiver velocity.

The dispersion relation. Eq. (2.72). describes both SBS and FI. In the next 

two subsections we derive some important linear characteristics for these, on the 

basis of this dispersion relation.

2.5.1 Stim ulated Brillouin scattering

We concentrate on the backscatter SBS. because it has the largest growth rate. 

In this case k ~  2ko. D(k + ko.^-+-^o) is non-resonant, so only the down-shifted 

wave. D{k -  k0.^' — u-'o). is retained and Eq. (2.72) simplifies to

where the dispersion relation for the pump wave.Eq. (2.45). was taken into ac

count. The quantities in the first bracket correspond to dispersion relation of 

free ion-acoustic waves.

In the weakly coupling limit, where the frequency

is a real quantity, and allowing the wave vector, k. to be a complex quantity

k =  Arr -t- ikt.

we can simplify Eq. (2.75) considerably. Taking into account ^  u?o the disper

sion relation reduces to

)
os 2

4
(2.75)

uS — kcs ■+■ Au.1.

where the damping of the electromagnetic wave. ~e - is defined as
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The real part of the expression in the second bracket of Eq. (2.76) is zero when

16a,’0cs

Solving this quadratic equation for ~ leads to the requirement

So the threshold value for SBS is given by the condition:

2.5.2 F ilam entation instability

The FI corresponds to growth of zero-frequency perturbations of plasma density 

in the direction perpendicular to the propagation of the light wave. i.e. k-ko = 0. 

Assuming

— i y uJq (2.80)

equation Eq. (2.61) simplifies to

D {k ±  ko. u.' ±  o-’o) =  ±2«a,’o(y + ~'e ) — k2c2< (2.81)

and from Eq. (2.72). after some algebraic manipulations we obtain

(2.82)

this equation. Eq. (2.82). can be rewritten as:

(2.83)
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To determine the maximum growth rate, we differentiate the last equation with 

respect to k and solve for d^ /dk  =  0. The result is

k = ^ ^ - .  (2.84)
2 C  I'T e

where we have taken into account the relation Eq. (2.73).

Substituting Eq. (2.84) into Eq. (2.83) and again using the relation *Jpi/e3 =  

^pe/cTe we obtain for the growth rate:

i.e. the density fluctuations are purely growing. The threshold condition 7 = 0 

is reached when

Since there is no resonance with the ion wave, the FI is not very sensitive to 

plasma inhomogeneity.

Now let us consider again the case where the frequency is real and the 

wavenumber has real. kT. and imaginary. kt. parts

(2.85)

pe
(2.86 )

ks = kr +  ikr.

Substituting this expression into Eq. (2.72) we obtain

If we solve for kt

and use the condition dkt/dkr = 0. then
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Substituting for krMlax we obtain

( 2 ' 8 7 )

It can be noted that the angle 6 increases with an increase of plasma density 

( ^ /u / ’o =  ne/ n c) and with an increase of intensity of the laser beam (vre ~  \/7).

This concludes the linear analysis of dispersion relations for SBS and FI. The 

next section describes the numerical code used in the simulations.

2.6 Num erical Code

The numerical code is based on Eq. (2.26) and Eq. (2.44) written for the time 

enveloped amplitude of the real field. The discretization scheme uses the math

ematical framework of the spectral methods [11] adapted for equations of Za

kharov's type [39].

Spectral methods were initially developed for computationally intensive ap

plications in fluid dynamics and showed superior accuracy and very* low phase 

error. They belong to the class of numerical methods based on the method of 

weighted residuals (MWR) [42]. In MWR a set of infinitely differentiable global 

trial functions serves as a basis for a truncated series expansion of the solution. 

The error introduced by approximating the complete solution with the truncated 

expansion, i.e. the residual, is minimized with the help of an additional set of 

test functions and a suitably defined inner product. The choice of those test 

functions leads to different versions of the spectral method, such as Galerkin, 

collocation and tau methods and combinations of these.

The particular choice of test functions is usually dictated by the boundary 

conditions of the problem. In our approach we assume periodicity in the direction 

perpendicular to the direction of propagation of the laser light, and use of Fourier 

approximation. In the longitudinal direction we apply the tau method, which
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is suitable for non-periodic boundary conditions [25]. The method requires that 

the integral of the residual times each test function be zero. An additional set 

of equations is used to incorporate the boundary conditions as described below.

The discretization in time involves a modification of an implicit midpoint 

scheme supplemented by Euler preconditioning and an iterative improvement of 

the nonlinear terms. [40]

2.6.1 M odel Equations

The mathematical model used in the computer simulations consists of the elec

tromagnetic wave equation. Eq. (2.26). and the ion-acoustic wave equation, 

Eq. (2.44). written for the electric field amplitude [19. 20].

We consider and electromagnetic wave propagating in c-direction. The elec

tric field of the electromagnetic wave is assumed polarized along the c-axis and 

enveloped in time with respect to the laser frequency jj0 [22. 3]

£(x . t) =  ^ {£(*/. -. t)e u*'ot +  c.c.} .

£  = 4 — E - (2.88) c2 nr

Taking into account that the time dependence of the electric field.£ . Eq. (2.6.1). 

is the same as the time dependence of the vector potential. A. Eq. (2.66). we can 

use Eq. (2.26) and find that the electric field amplitude satisfies the following 

equation

c2 dt c2 V nc)
which corresponds to a scalar field approximation in 2D and the Laplace's oper

ator has the form

V2 = & /d y 2 +  & / d z 2.

The electron density perturbation. Sne.

6ne{y. z. t) = ne(y. z. t ) -  ne0(y. z). (2.89)
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where the critical density

nc = (2.90)
A n t 1

is driven by the ponderomotive force. Similarly, taking into account the relation 

between the electric field and vector potential, one can obtain from Eq. (2.44) 

the second equation of the system, namely the acoustic wave equation:

d2 , d
dt-2+ 2 ' lAdt c*v ’ In ( l  +  = T-r— V2|£T2. (2.91)\  ne )  16TtncTe

with the logarithmic term introduced to ensure nonlinear saturation of the am

plitude of the density perturbations[37. 43. 27]. The term 2~»m  models the damp

ing of the ion density fluctuations and allows independent control of ion acoustic 

waves propagating in different directions [2].

The set of equations Eq. (2.88) and Eq. (2.91) describes SBS. filamentation 

and self-focusing instabilities of the incident laser beam and the interaction be

tween them.

2.6.2 D iscretization  schem e

We solve equations 2.91 and 2.88 numerically in a two-dimensional (2D) Carte

sian geometry region, cf. Fig.(2.10)

(y.z) € [0. Ly] x [0.1,].

Adopting periodicity in the transverse direction we can define X y grid points 

y} in configuration space by:

j  -  0 . . . . .X  -  1.
-vy

Then we can expand the electric field E  and the ion density perturbation Sne in 

Fourier series in the perpendicular direction, y. as follows:

E(yj .z . t )  = EJ( z . t ) = Y . E r n(^ t ) e 'kmyi-
m

Sne(yr z.t) = A[7( c , 0 = E * V-(> -#)e,*myj.
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where:

km = mdk. 6k =  2S  = *2*2.
y

and A0 =  27r/Ar0 is the free-space wavelength of the incident electromagnetic 

wave. The index m enumerates all the modes considered in the simulations.

Substituting these into equations and introducing the following dimensionless 

variables:

T  — Jusot.

V  = k0y. (2.92)

Z  = kaz. 
r  _  E(y.z . t )  

y/A~ncTe '

where J  = cs/c is the dimensionless sound velocity, one obtains the following set 

of PDEs for the Fourier components:

d2 
d r 2

a a2 
a r  a z 2

Em 

X m =

= V ' E  V— /  _ n-*n*
n

a2Ab
4 d z 2 mO E mm-r fl fj •

J  n

The boundary conditions for the E m field in z direction are given by

id d

. . .  ■

where E ^  are the (known) harmonics of the incident electric field and

K:m = cos2 9m — .V0. 

cos2 0m =  1 -  {mq/ko)2.

The boundary conditions for the ion-acoustic wave equations are:

dSXm

z =od z ^ : S X m{0, T) +  r?A6Xm{Q. T)).
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phase front

Figure 2.10: Geometry of the computational box used for the numerical calcula
tions.

where Tm  models the damping of ion density fluctuations.

The next step is discretization in the z-direction which is performed by em

ploying the spectral Tau method using an expansion in Chebyshev's polynomials. 

Chebyshev's polynomials of first kind. Tk{x). are cosine functions after a change 

of independent variable

Tfc(x) = cosA:#. 6 =  arccosx.

The Chebyshev's expansion of a function u 6 L\,{ — 1.1) is

u(x) =  f ;  ukTk(x). (2.93)
k=o

Here u G T‘.( — 1.1) is the complex Hilbert space with inner product defined as

(u. v) = J  u(x)vm(x)dx. (2-94)

over the classes of functions u : ( — 1.1) —> C such that |u |2 is Lebesgue-integrable 

over the interval ( — 1.1) with a weight w. The expansion coefficients uk are given
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bv
2

iik = —~C\t
J   ̂ u ( x ) Tk{ x) i v{x)dx. (2.95)

where
_  j  2 . i f  k =  0 

°k ~  \  1.  i f  k >  1.

In order to simulate laser beams with complicated distribution of the electric

Ck =

field propagating in large plasmas, it was necessary to develop a parallel ver

sion of the code. For this purpose we used the OpenMP Fortran Application 

Program Interface and implemented a version of the single-program multiple- 

data (SPMD) parallelism. We applied a large-grain parallelization using dy

namic multi-threading and work-sharing directives for splitting the most time- 

consuming program loops.

2.7 Laser beam  characteristics

The characteristics of the laser beam are of primary importance in the laser- 

plasma interaction process [44]. The principal scheme of an system is shown in 

Fig.(2.11). The primary light source is a laser beam having a Gaussian intensity 

profile. To an obtain an analytical expression for a Gaussian beam we begin with 

the wave equation Eq. (2.23). which in free space has the following form

It has a solution in the form of a plane monochromatic wave of frequency uj and 

wave vector k:

(2.96)

A ( r . t )  =  co n st ■ e t(k r- ^ (2.97)

We can use this result to obtain a solution for a laser beam which has a finite 

diameter by looking for a solution of the form

A(r.f) = r(r)e,'(*s-“rt) (2.98)
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where l ’(r) is a function that is slowly varying as compared to exp(ikr) when 

k =  (0.0. k). The oscillation frequency is a given by By substituting Eq. (2.98) 

into Eq. (2.96) we obtain

v 2 r  +  2 l* ^  +  ( ? - * 2) l '  =  0 '
(2.99)

We can neglect the term d2Y /dz2 because

d2Y
dz2

dV
dz

( 2 . 100)

under the assumption of the slow spatial variation of V. This is the condition for 

the so-called paraxial approximation. Since k is arbitrary, we can choose it to be 

k = wc/c. so that Eq. (2.99) simplifies to the paraxial wave equation:

w  a 2r 'dY_ J_ (&Y_ d2r \  
1 dz + 2k \  dx2 + dy2 J ( 2 . 101 )dx2 dy2

We will show that the paraxial wave equation. Eq. (2.101). has a solution of the 

following general Gaussian form:

( 2 . 102)

where C is an arbitrary complex constant, and S(c) and a(c) are complex func

tions to be determined below. Substituting for V  into Eq. (2.101) gives

+ y2 ( ,  , da \  2 dS
V  + 5=) + JR + 57 = (2.103)

The assumption that 5  and a are functions of z only leads to the constraint

ikda/dz =  —2. (2.104)

so that Eq. (2.103) reduces to

dS/dz = —(2/k)l /a(z). (2.105)
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G a js fn  ntcraity profile Trune Bed G a in an

Luer

Objective

Figure 2.11: Basic optical processing system. 

By introducing the notation

« ( - )  =  ~ ( ‘2 / i k ) q ( z ) .

the last two equations are represented as

dq/dz = 1. 

dS/dz = i/q.

From here we obtain by integration:

q(z) =  o -r q0.

S(z)  =  i In (c + </o) +  Sq.

(2.106)

(2.107)

(2.108)

(2.109)

(2 . 110)

where q0 and 50 are complex constants. From Eq. (2.109) it follows that for the 

origin of the coordinate system q is purely imaginary, i.e. can be represented as 

q0 =  —ia. where q is a real quantity. Next we write l /q  as a sum of real and 

imaginary parts
1 1 A 1

, . ( 2 . 111 )
q(z) R(z) xicHz) K ’

where
A : 2 +  a 2R(z) =  w2{s) =
7T Q (2.112)
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are called the radius of curvature and the radius of field distribution respectively, 

and A =  27r/k is the wavelength of the radiation. From Eq. (2.102) the cross 

section variation of the beam amplitude is characterized by

ex p  ( - ^ r )  =  e x p  ( “ R r )  =  e x p  ( 2 U 3 )

where r = \ /x2 + y2 is the radial distance. It is clear that to have a beam of 

limited diameter, it is necessary for a to be positive. Also, at w(z) = r. the 

beam amplitude decreases by e-times, so w(z) can be considered an effective 

beam radius. It has a minimum of ,̂’0 =  Aa/ir at the beam waist. With this 

value, the radius of curvature. R. and the radius of field distribution.^;, can be 

represented as

R(z) = c[1 + (7t^/A c)2]. (2.114)

w(z) =  u'0[l +  (Ac)/7ru.’o)2]l/2. (2.115)

Similarly, from Eq. (2.110) we find:

S(c) =  i In (z — «7tu'o/A) +  Sq. (2.116)

So the final form of the Gaussian beam looks like

=  c R e i p ( - ; R ) e i p ( , 2^ ) ) e' ’ <:’t , l ‘ ''‘ ' ' '  ( 2 1 1 7 )

where

o(c) =  arctan (Xz/ ttwI). (2.118)

represents the spatial variation of the phase of the wave.

Sometimes a more compact form of the Gaussian beam is used

’(  i fg( l  +  i'C))'
A(r.c) = t f iCexp( -  2/i' ). (2.119)

where C =  2z/b is a dimensionless coordinate, defined in terms of the confocal 

parameter b =  ku'l [cf. Fig.(2.10)].
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The total power of the Gaussian beam is proportional to its intensity

( 2 . 120)

and can be calculated by integrating over the transverse beam cross section

Eq. (2.100). By using Eq. (2.117). it can be shown that a Gaussian beam does 

not well describe the electromagnetic wave focusing in the region where the spot 

size is comparable to the wavelength of the radiation. In addition, the solution 

is not accurate for large distances from the z-axis. although the beam power in 

that distant region is negligible.

For cases when the laser beam diameter is too small for direct use. the light 

is directed through a beam-expanding module, the objective shown in Fig.(2.11). 

It consists of a light diverging objective, a pinhole that removes the diffracted 

light and collimating lens, which converts the divergent wave front into a plane 

wave. The amount of optical power collected within a collimating lens of radius

As we see. the finite radius of the collimating lens restricts the amount of available 

light 2ttcr2/0 by a factor of e~R' r2a‘ .

A commonly used measure for characterizing laser beams stems from lens 

optics, where f m measures the focal length F in units of aperture size

An alternative definition of / # is through the Gaussian intensity distribution

[17]. For this purpose we can redefine the latter as follows:

P = r  r  Idxdy = 27T \A\2rdr = ^ |C (’. (2.121)
J - x J - x  Jo 2

The solution Eq. (2.117) was obtained by neglecting the second derivative in z.

R is

P = IoJqR rdr j** dde-r2i2a‘ = 27t<72/0 ( l  -  e ~ R2/2a2) . (2.122)

h  =  f / l . (2.123)

(2.124)
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Figure 2.12: Focusing of light by a lens of aperture L and focal length F.

where A0 =  2" c /^ 0 is the laser wavelength in vacuum. So here the dimensionless 

parameter f m is defined as the ratio of the beam waist-radius to the laser vacuum 

wavelength A0. It determines the Rayleigh length, which is given by

L r = 2 t/;A 0V/ i  -  ne/ n c. (2.125)

This represents the distance from the best focus position to the point along the 

direction of propagation where the laser beam intensity decreases by a factor of 

2 in 3D geometrv.
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Chapter 3 

Instability of nonlinear filaments

As pointed out in the Introduction. Section 1. the nonlinear behavior of an elec

tromagnetic wave interacting with an underdense laser produced plasma is an 

ongoing concern in inertial confinement fusion studies and in other applications 

of intense laser pulses including x-ray sources and laser particle accelerators. Dif

ferent beam smoothing techniques have been designed to improve the uniformity 

of plasma illumination. All of them involve a random phase plate, which breaks 

the laser beam into many independent beamlets whose interference pattern in the 

laser focal spot creates an ensemble of statistically independent speckles. This 

improves the uniformity of the intensity pattern. However, within the speckle 

distribution there are always a significant number of hot spots with large intensi

ties. many times above the average value. These very intense hot spots give rise 

to nonlinear effects which can alter the properties of laser beams at the macro

scopic level. Thus, the importance of studying the physics of a single hot spot 

is magnified by the necessity of understanding the evolution of complex RPP 

beams.

This chapter explores the evolution of a single hot spot at very early times and 

provides an insight for understanding the physics of individual hot spots. The 

basic phenomenon that is considered here is self-trapping. Self-trapping occurs 

when the tendency of the beam to spread due to diffraction is compensated by
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its tendency to contract due to SF. As a result, the beam maintains a constant 

small diameter over a distance much longer than the usual length of the focal 

region. The self-trapping process is similar to the propagation of a light wave 

through a dielectric wave guide. In this case the waveguide is created by the 

ponderomotive force of the light itself, which locally changes the refractive index. 

Such a waveguide, though, is usually unstable and small perturbations in the 

beam diameter can lead to either blow-up due to diffraction or collapse due to 

the SFI.

Considering the stability of laser light filaments in a homogeneous isothermal 

plasma with respect to coupled electromagnetic and density perturbations, we 

found that in addition to the known modulational instability of a guided electro

magnetic mode there is a new fast growing resonant instability. It corresponds 

to the excitation of another waveguide electromagnetic mode strongly coupled 

to localized density perturbations.

If laser light power in a speckle is above the critical value for the self-focusing 

[20, 7]. the speckle evolves into a filament by forming an elongated density chan

nel with trapped light propagating along its axis. An equilibrium state of a 

nonlinear filament corresponds to a balance between light ponderomotive and 

plasma pressures. Equilibrium filaments have been extensively discussed in the 

stationary approximation described by the nonlinear Schrodinger (NLS) equation 

[5. 17, 23. 24],

The validity of the stationary approximation is limited by the filament modu

lational instability, which develops on a long ion-acoustic time scale and involves 

relatively long wavelength spatial perturbations [25. 21]. It involves a dynamical 

ion wave response and an absolute growth in time. However, recent three dimen

sional simulations [11] have shown an instability of a single nonlinear filament 

which results in its total destruction on a very short time scale. This fast res
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onant instability of a filament has profound ramifications for randomized laser 

beams. It might repeat itself many times if the laser beam duration is much 

longer than the filament formation time.

We explain filament destruction by a new kind of a parametric interaction 

in which a fundamental waveguide mode of trapped electromagnetic radiation 

is coupled to the next excited state in the waveguide. This coupling involves 

a supersonic density response and displays similarities to the strongly driven 

forward SBS. However, contrary to the forward SBS of plane waves or broad laser 

beams, the scattering in a filament is characterized by a narrow maximum in the 

growth rate as a function of the wave number. This well defined resonant wave 

number of the perturbation enables identification of the instability in simulations 

and allows an experimental verification.

The sensitivity of the resonance instability on the plasma channel depth also 

offers a possibility for its control with the laser beam temporal smoothing tech

nique. The instability could be suppressed if the beam coherence time is less than 

the time of filament formation. This effect has also been observed in simulations 

and experiments. Finally, the filamentation instability also has a significant 

effect on the backscattering parametric instabilities by diminishing the size of 

interaction region and the effective pump wave intensity.

The content of this chapter is organized as follows. Section 3.1 presents 

a discussion of the stationary solutions as excited states in the framework of 

nonlinear Schrodinger (NLS) equation and reviews the solution by the method 

of an average Lagrangian. In Section 3.2. a stability analysis of an equilibrium 

filament is performed on the basis of of the eigenmode equations. The results of 

the numerical simulation are presented in Section 3.3 demonstrating the filament 

time evolution.
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3.1 Basic equations and stationary solutions

The linearly polarized electromagnetic wave field. E is enveloped in space and 

time.

Ey =  ^ { £ e ,(A:o-'--'o£)+ c .c . } .  

where -j0 is the laser frequency and

ko = (u?o/c)\Jl -  n0/ n c. (3.1)

is the light wave-vector in plasma.

To describe the dynamical evolution of the electron density perturbation. Sn. 

and the electric field amplitude. E. we use the paraxial approximation of the full 

system of the model equations Eq. (2.88) and Eq. (2.91)

4-iI+v0£ = 6 n E ■ (32)
-  V 'ij ln(l + <Sn) =  V 'i|E |2 . 

where

vg =  k0c/u;0 (3.3)

is the electromagnetic wave group velocity, and the total electron density reads

=  rto(l +  dn)-

The different structure of the system of PDEs. Eq. (3.2). calls for a different 

normalization, as compared to Eq. (2.93). namely

t = C- 2 ^ t ' .
c

-̂ pe /r =  —?—r .
c o

  -^pe j
~ ~  2 * 0 ^ "

E  =  P
\/l6irncTe
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where the radial coordinate, r =  y/x2 ■+■ y2 has been introduced.

The logarithmic term in the acoustic equation accounts for the saturation of 

a density response, which is necessary for the formation of equilibrium filaments.

Setting E = E3 exp(iXz) and assuming steady state. Eq. (3.2) are reduced to 

the NLS equation

where the quantity cp = ne/A{nc — ne) is zero in the paraxial limit approximation. 

Here the equilibrium density perturbation

is of the saturable nonlinearity type, and describes the slow ponderomotive SF 

of laser beams in plasmas [13. 12. 8. 16]. The substitution. ns =  —|E S|2. yields 

the non-saturated nonlinearity corresponding to the usual Kerr effect.

Eq. (3.4) is one of the basic evolutionary models in physics, describing the 

slowly vary ing envelope of a wave-train in conservative dispersive systems [see 

as ex. Ref.flo]]. It involves the competing effects of diffraction and nonlinear

ity. When ns( |£ , |2) > 0. the effect of nonlinearity is dominant and the beam 

undergoes self-focusing [2] or filamentation [6] (for the beam power exceeding 

several times some critical value. Per). When the nonlinearitv and diffraction 

balance each other, the Eq. (3.4) has steady state soliton solutions, describing 

beam self-t rapping [4].

Eq. (3.4) has two well known integrals of motion. One. proportional to the 

beam power

(3.4)

ns = -1  + e x p ( - |£ , |2).

(3-5)

and the Hamiltonian
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where

F ( \ E a\2) =  /  ns(x)dx  
Jo

(3-7)

Eq. (3.4) can be solved either numerically [7] or analytically by using the 

variational approach [2. 3. 1. 9]. By using the variational approach one can 

derive the conditions for light trapping and the properties of the equilibrium 

filaments. It reformulates the initial system PDE's in terms of action integral. 

S  = f  dxL. that is stationary with respect to independent, first order variation 

of the dependent variables. The Lagrangian density, corresponding to Eq. (3.4) 

is given by

The approximate solution is obtained by a Ritz optimization procedure. It is 

based on the assumption that the profile of the initial Gaussian pulse

where the amplitude Eq{z ) .  and the pulse width a(c). the frequency chirp '2b{z)r2 

and the phase o(c) are unknown functions. By inserting the trial functions. 

Eq. (3.10). into the Lagrangian. Eq. (3.8). one obtains the reduced variational 

problem

for the new Lagrangian Lq - The result is a set of coupled ODE’s for the Gaussian 

parameters E. a. b. and o that determine the pulse evolution. The system can

£(0. r) = Eq exp ( —r2/2aj5). (3.9)

is preserved for c > 0 and can be described as

E{z. r) = £ 0(c)e,ou) exp (3.10)

(3.11)

where

(3-12)
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be reduced to a single equation [11]

1 ( da\~ 4
2 ( ^ 7 j  + n a )  =  - / J ( a 0 , 6 o ) .  <3 -1 3 )

describing the evolution of a filament of radius a. with initial radius a0 and initial 

chirp b0. along the direction of propagation c. The potential \ '{a) is given by

V(a) = 2/a2 - M a ) / P .  (3.14)

where the first term. 2 /a 2, accounts for the linear diffraction effects, while the 

second term is related to the nonlinearrity.

The condition for light trapping are found to be

P>Pcr.  Ho > (P/A)V(aeq). (3.15)

where the equilibrium radius aeq is the value at which the potential V(a) has a 

maximum value. In the average Lagrangian approximation the critical power for 

light trapping is P„ = 4. while the exact value is P , = 3.72.

Computing the equilibrium radius. aeq. one finds

, f 16 /9(P /Pcr -  1) . i f  P / Per ► 1
a‘q ~~ \  23/2P /P //  '*’/ (In (P/Pcr) + 0.54)1/2 . i f  P/Pcr »  1.

Figure (3.1) shows that the beam waist aeq is a nonmonotonic function of P /P CT 

with a minimum. aeq % 2. reached for P/Pcr 22 2.

In the case of saturated ion response, there exists a particular class of steady 

state solutions of Eq. (3.4). called equilibrium solutions, which take the form 

of elongated cylindrical filaments. The equilibrium solutions can be found by 

solving the eigenvalue problem for the NLS equation

t E eq = \ E eq. (3.16)

where

L = Vi - n„(|rt,|2).
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3

2
5 10

P/Pcr

Figure 3.1: Dependence of beam waist aeq from the P/Pcr■

Localized, axially symmetric solutions exist for 0 < A < 1. The limit A —> 0 

corresponds to the self-focusing threshold where the trapped power.

P = 2 J  rdr\Eeq\2. (3.17)

equals the critical power Pc = 3.72 [20. 7. 5. 23. 24]. The general expression for 

A is given by

A = 1/a*,, i f  P/Pcr
1. i f  P /P ^  ^ 1 .

The dependence of eigenvalue A on P/Pa- is presented in (3.2) and shows a 

monotonic variation.

3.2 Stability analysis o f an equilibrium filam ent

The density perturbation. neq. represents a potential well for the electromagnetic 

wave, and —A defines the ground state energy level. One can also find higher 

excited states for a sufficiently deep potential well. These excited states, when 

present, lead to a fast growing instability of the ground state.
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Figure 3.2: Dependence of eigenvalue A on P/Pcr-

Considering solutions to Eq. (3.2). linearized with respect to the perturbations 

of an equilibrium state:

E  =  (Eeq + SE) exp(iAc). 

n = -1  -I- (1 + SN) exp( — \Eeq\2).

one obtains the following set of linear equations for three real functions: 8N.

6Er =  Re(8E) and SEj =  Im(<)E):

( L - X ) 8 E r -  ( j L - ± ^ j 6 E i  = (1 + neq)EeqS N . 

( £ _ * ) i f , + ( »  =  0.  

- V 2̂ j 6 N  =  2 V 2 EeqSER .

(3.18)

SP_ 
d t 2

Introducing cylindrical coordinates and an explicit dependence on the parallel 

coordinate, x. on the azimuthal angle o. and on time.

SN = Re(.Y) exp(imo +  Tt — iqx)
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SEr =  Re(£ft) exp(im<p +  Tt — iqx) . 

5Ei =  Im(E/) exp(im<z> + Tt — iqx) .

we find three eigenmode equations for £/e(r), £7(r). and -V(r):

(Lm -  A)ER - Ej = (1 + neq)EeqN .

(3.19)

p2 _ +  —
r dr dr r2 dr dr r

d d rri2

where

Lm = -  m2/ r 2 -  neq.

It has been found before [25. 21. 11] that the system Eq. (3.19) is unstable 

with respect to the modulational instability in the long wavelength limit, q

A. According to the analysis of Ref. [11]. one obtains the following dispersion 

relation for the mode m = 1

This instability develops on a relatively long time scale which gives filaments an 

opportunity to affect laser plasma interaction processes.

A much faster growing supersonic instability can be found in the short wave

length domain, q <— Are,. if there is another guided electromagnetic mode in the 

equilibrium density channel. neq. To describe this solution analytically we have 

to further simplify the model equations. It follows from the third equation of 

Eq. (3.19) that the density perturbation is small in the limit of a large growth,

where

A 2 = drE2eq[\ -  e x p { - E 2q)^j rdrE2q .

In the limit of a small amplitude filament. A 1. one finds. A % l/v^2A. 

This leads to the estimate of a maximum growth rate r maI ~  v̂ A at q <— A.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



CH APTE R 3. INSTABILITY  OF NONLINEAR FILAMENTS 75

| r j 3> 1. Neglecting .V in the first equation of Eq. (3.19). we obtain a sys

tem of two equations for the electromagnetic wave amplitudes in the first-order 

approximation:

These are eigenvalue equations for the resonance wave number qrea. which corre

sponds to an excited level in the filament with a given density profile. Localized 

solutions require 0 < qrea < A since A corresponds to a ground level. The eigen

value analysis of Eqs. Eq. (3.20) for m = 1 shows that there is no eigenstates 

other than the fundamental mode, if A < 0.41 (i.e. P  % 3Pc). and there is an 

eigenstate Aj = A — qrea for filaments with larger intensity. By comparison, there 

is no threshold value for the antisymmetric mode in two-dimensional case often 

considered in simulations. The dependence of an eigenvalue Ai on P /P c is shown 

in Fig. 3.3(a).

The eigenmode E ^ ]{r) for A = 0.5 (P/Pc = 4.24) is shown in Fig. 3.3(b). 

Higher excited levels appear in much more intense filaments. Levels with m =  0 

(the mode with one node) and m = 2 exist for A —► 0.75 (P /P c —► 18.7). next 

level m = 1 appear for A —> 0.8 (P /P c —► 30.2) and so on. We limit the discussion 

here to the lowest excited level.

At the second-order approximation the density perturbation follows from the 

third equation of Eq. (3.19):

and one obtains a second-order equation for the electric field assuming a small 

deviation Aq =  q — qres from resonance:

(Lm -  X)Eii ) -  qretE \ l) = 0. 

(Lm - \ ) E ill ) - q reaE {" = 0.

(3.20)

(Lx -
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Figure 3.3: a) Dependence of the excited level Ai in the filament and the coupling 
coefficient B  (magnified 10 times) for the resonance instability on the filament 
power. P /P c. b) Radial profile of the eigenfunction of the excited state m =  1 
for P/Pc =  4.24.
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Since Li is a self-adjoint operator, the dispersion equation can be obtained by 

multiplication of the above equation by the first-order eigenfunction followed by 

integration over the radial coordinate. It can be written as

r 2(Nq + i r / vg) = b .

where

fJo
rdr( 1 -I- neq)

The dependence of the parameter B  on P/Pc is shown in Fig. 3.3(a). It assumes 

relatively small values. \B\ ~  0.1. and it also changes sign from negative to 

positive for P/Pc ~  9 (A sr 0.64).

The maximum growth rate of the resonance instability.

r m„  = . (3.21)

corresponds to the resonant perturbation. Aq =  0. The width of the resonance, 

Aqres ~  {\B\/v'g)l/3. is rather narrow.

The system Eq. (3.19) can be solved numerically or by polynomial expansion

[14]. The calculated growth rate is in agreement with the analysis presented 

above. The instability disappears after the resonance, q > qrea.

This instability is similar to the hose-modulation instability considered for 

short laser pulses [18. 19] where only the fast electron response has been ac

counted for. A more detailed analysis of short laser pulse instabilities which 

includes modes m =  0.1. and 2 has been done recently by Duda and Mori [10]. 

It is also instructive to compare the maximum growth rate of the resonance in

stability with the growth rate for SBS. The growth rate Eq. (3.21) can be written 

as

r  *
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It is comparable to the growth rate that one could expect for the backward SBS 

in the limit of strong coupling and it is much larger than the maximum forward 

SBS growth rate for a homogeneous pump wave. The difference is in the factor 

k_ /kQ < 1 where k_ is the wave number of ion acoustic wave which participates in 

the forward SBS. The explanation of such a difference is that the filaments which 

are subjected to the resonance instability already have a relatively small radius. 

a0 ~  2c/ajpe and therefore introduce a relatively small scale density perturbation.

3.3 Num erical sim ulations o f the filam ent insta
bility

We performed numerical simulations which demonstrated the instability of laser 

filaments and. in addition, indicated that the instability leads to the filament 

disintegration. The results were confirmed with similar simulations conducted 

using a 3D quasi-paraxial code F3D [6] *. We only discuss the results obtained 

from our 2D non-paraxial code. The three-dimensional results are similar to our 

simulations.

The simulations start with the Gaussian laser beam being focussed in the 

plasma and show formation of nonlinear filaments which are very similar to the 

equilibrium XLS solutions described before.

Figure (3.4) demonstrates contours of light intensity in the interaction region 

at three different time moments illustrating filament formation. Fig. (3.4) (a) and 

Fig. (3.4)(b). and the subsequent destruction. Fig. (3.4)(c). To the right of the 

contour plots far field images are shown for the same time moments which are 

angular distributions of the transmitted light. During the phase of filament for-

*In both codes the backward SBS is controlled by either strongly damping an ion-acoustic 
wave which is responsible for the backward scattering or not solving the equation for the 
back-propagating wave (in the paraxial code).
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10f

Figure 3.4: Intensity contours and angular distributions of transmitted light 
at different times: (a) 14.5 ps. (b) 18.2 ps. (c) 21.8 ps. At time t=0 ps the 
1 fim Gaussian beam has been focussed in the center of the simulation box 
100 x 160 /im2 with maximum intensity 1.46 x 1015 VV/cm2 and FVVHM 6 pm.  
The background plasma parameters are: n0/n c =  0.4 and Te =  1 keV.
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mation they display an interference pattern of the coherent light emitted from 

the narrow orifice which is created by the plasma density channel. The coherent 

pattern disappears. Fig. (3.4)(c). after rapid growth of the instability and fila

ment disintegration. This illustrates a plasma induced smoothing effect in the 

laser beam.

The instability appears at a time of 18 — 19 ps and it is characterized by a fast 

growth rate, comparable with the theoretically found value of r maI = 1.2 ps-1. 

A modulation period of about 20 — 22 /jm in Fig. (3.4)(b) and Fig. (3.4)(c) in the 

propagation direction is also in agreement with results of the linear theory. Eq. 

(3.21). giving 2?r/qres % 20^m. Intensity maxima and their location (~  2/im 

away from the laser axis in Fig. (3.4)(c)). correspond to the resonantly excited 

antisymmetric mode shown in Fig. (3.3)(b).

Numerical simulations show that the instability is effectively destroying the 

filament. When energy is transferred from the fundamental to the excited mode, 

it exerts a ponderomotive pressure which does not support the original density 

channel due to the complicated intensity pattern that is generated. Fig. (3.4) (c). 

Because of this instability, the light is detrapped and propagates over a wide 

interaction region.

Nonlinear filaments are formed over a relatively long time period, equal to 

the acoustic propagation time across the initial laser beam, which corresponds 

to a simulation time of 18 ps. Although the resonant instability develops during 

much shorter time period it does not prevent filament formation. The solution 

of the eigenmode equation Eq. (3.19) indicates that the resonant instability is 

suppressed if the density channel depth is not sufficient to support the excited 

eigenmode. The necessary depth must be of the order of 90% of the density per

turbation observed in the equilibrium filaments. This explains both the relatively 

long time for filament formation and its fast disruption.
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Figure 3.5: Frequency spectrum of the transmitted light, which has been calcu
lated within the window of 6 ps at different moments of time. Frequency is given 
in units of k0ca =  1 ps~l which corresponds to the wavelength shift of 0.57 nm.

The dynamical evolution of a single filament results in a red shift of the 

transmitted light spectrum as shown in Fig. (3.5). An increasingly red shifted 

component corresponds to time dependent phase shift. <f> = f  k.dz. of an elec

tromagnetic wave propagating in a deepening density channel. This frequency 

shift.
. _  cM> ^  k0L dn
du" dt 2nc dt

characterizes the filament formation phase and continues until the time of 18 ps. 

when the instability takes over. The values of the red shift are large. ~  1.5 — 2 

nm. many times above the magnitude which forward SBS could produce within 

the directions of propagation shown in Fig. 3.4. The density perturbations 

remaining after filament destruction propagate in the plasma further enhancing 

angular spread of the transmitted light (Fig. 3.4c) and forward SBS (late time 

spectrum in Fig. (3.5)).
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Chapter 4 

Interactions in a single hot spot

In this Chapter we discuss theoretical and numerical results related to a series of 

experiments [21. 20. 18] that examine different aspects of laser pulse propagation 

through an exploding foil plasma.

Investigations of ignition-seale ICF gas targets [12] address an integrated set 

of problems, related to the effects of beam smoothing on SBS and filamentation. 

beam pointing and deflection, effects of ion composition on SBS reflectivity, etc. 

Smaller scale experiments, which have investigated the ion wave response to in

tense laser pulses have been performed with exploding foil targets. They differ 

from ICF relevant measurements by a much lower temperature, a smaller plasma 

size and stronger inhomogeneities. However they provide a more accurate diag

nostics and have been able to isolate important physical processes. Most recent 

examples of such experiments are observations of backward SBS induced by spa

tially and temporally incoherent laser light [9. 3]. detailed Thomson scattering 

measurements of SBS produced ion waves [9. 18]. and the demonstration of chan

nel formation and physics of laser pulse propagation [19] motivated by the ICF 

ignitor concept [15]. A better theoretical understanding of these experiments 

helps in extrapolating the present results to the scales and sizes relevant to ICF 

reactor plasmas.

In the first interpretation of these experiments [17]. spreading of a transmit-
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ted laser beam has been attributed to light scattering on density fluctuations 

produced by filamentation. The maximum angular spread of laser light outside 

the focussing optics in the forward direction has been linked to the wave number 

of density perturbations corresponding to the maximum growth of ponderomo- 

tive filamentation. The initial theoretical interpretation presented in Refs.[19. 17] 

did not consider SBS in backward and forward directions in spite of the averaged 

15%. SBS reflectivity measured in the backward direction within the focussing 

optics.

It is essential that modeling of these experiments include a realistic distri

bution of the laser beam intensity and interaction between SBS. filamentation 

and self-focussing instabilities. The latter has been achieved in a non-paraxial 

description of electromagnetic wave propagation through the underdense plasma 

[1. 4. 6. 5]. By solving the full electromagnetic wave equation, we can properly 

describe the simultaneous SBS and FI as well as small scale hot spots approach

ing transverse dimensions on the order of laser wavelengths during the non-linear 

evolution of the FI. As we show, it is also very important not to restrict a priori 

possible directions of SBS light by identifying the dominant direction of laser 

light propagation.

Using the numerical model given by Eq. (2.88) and Eq. (2.91) to describe 

the experimental situation, we can summarize the important results obtained 

as follows. First of all. a weak correlation between backscattered SBS and fil

amentation and self-focussing instability was established. Comparison between 

transmitted and backscattered light, shows that filamentation and density mod

ulations affecting transmitted light are spatially separated from the region of 

backward SBS growth. In effect, both instabilities develop almost independently, 

which contradicts the conventional point of view that filamentation significantly 

enhance the backward SBS. The transmitted light demonstrates angular spread
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ing and frequency shifts consistent with near-forward SBS.

In addition, we found that the self-focussing of the narrow parts of Gaussian 

beams seeds the transversely propagating sound waves and increases the filamen

tation. The filamentation instability then competes with the near-forward SBS. 

The results show that FI can be very effective during the initial time evolution. 

However on the time scale defined by an experimental pulse duration (~  lOOps) 

near-forward SBS dominates and controls the characteristic properties of the 

transmitted light. These results were confirmed by analytical considerations, 

presented later in Section 4.8.

In the next Section 4.1 we describe our approach of achieving a realistic 

model of the laser pump by adding two Gaussian beams with properly chosen 

parameters.

Section 4.2 specifies a set of parameters used for the numerical simulations.

In Section 4.3 we describe the early time (up to ~  lOps) evolution of the hot 

spot and quantify its formation.

Section 4.4 concentrates on the FI of a wider laser beam as reflected in the 

transmitted and backscattered light and demonstrates the spatial separation from 

the region of backward SBS growth. This separation is further investigated in 

the next Section 4.5 by using the frequency spectra of the transmitted light at 

later times (~  30.50ps).

Section 4.6 describes the late time (~  lOOps) evolution of the laser beam and 

the development of RPP-like small-scale hot spots.

Finally. Section 4.7 contains an explanation of the experimental observations 

of the reflected and transmitted energy as a function of plasma density.
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4.1 Laser pum p m odel

87

The main objective here was to achieve a better understanding of the physical 

processes involved in the experiment by Young et al. [19. 17]. The experimental 

data includes a well-characterized laser intensity distribution in the best focal 

position and across the interaction region. We have approximated the main 

characteristics of the experimental laser beam spatial profiles in our simulations. 

This feature plays an important role in the dynamic evolution of the interaction 

process. We have modeled an incident laser beam at the initial moment as a sum 

of two Gaussian beams with different f-number and intensities, but having the 

same focal positions. The field distribution in the best focus position, has the 

following form:

E(y)\I=Ihi=0 = Y .  Eo r n e x p ( - i y ~ y^ 2 )  (4.1)
m =  1 V m  0 /

The maximum amplitudes of the pump electric fields are E0i = 0.47E0 and 

Eq2 = 0.53Eo. where the amplitude E0 defines the maximum pump intensity

/o = |E0|2.

Experiments have been conducted for two typical cases, one where the laser 

beam has been focussed to a circular focus, the other a line focus [19]. Corre

spondingly. we have performed two sets of simulations.

Figure (4.1)(a) shows intensity cross section of the laser field in the best 

focus position for a circular focus, and for a line focus. Fig. (4.2)(a). The circles 

correspond to the experimental data, while solid lines refer to our model for 

I0 =  1.7 x 1015U ’/cm 2. Although a real laser beam has a more complicated 

phase structure, this model. Eq. (4.1) is sufficient for the analysis of parametric 

instabilities because the length of the interaction region is comparable to the 

beam Rayleigh length

L R =  '2n f 2 Xoy/l -  ne/ n c. (4.2)
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Figure 4.1: Circular focus, a) intensity cross section at best focus position at 
the initial moment in time and b) intensity contour plot at the initial moment 
in time. The figure on the left shows a comparison between the experimental 
measurements (small circles) and the theoretical distribution (solid line) used in 
simulations.

0.7-

4rtncTe
0.3

100-100 0
y (n m | y(jim )

Figure 4.2: Line focus, a) intensity cross section at best focus position at the 
initial moment in time. Shows a comparison between the experimental mea
surements (small circles) and the theoretical distribution (solid line) used in 
simulations.
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Figure 4.3: Circular focus - a comparison between the measured FWHM spot 
diameter as a function of the axial position (circles and dashed line) and the 
theoretical calculations (solid line) based on Eq. (4.1).

Figures (4.1)(b) and (4.2)(b) display the laser intensity distributions in the 

interaction region at the initial time for circular and line focusses, respectively. 

One can clearly see the small f-number beam contributing to a narrow' intensity 

enhancement at the best focus position for the circular focus. A similar enhance

ment is more elongated in the propagation direction for the line focus. As we 

demonstrate later, this feature is important for the dynamics of self-focussing 

and filamentation instabilities.

To reproduce with an even better accuracy the experimental conditions we 

have matched the laser intensity distribution for the circular focus with the avail

able experimental FWHM (full width half maximum) as a function of the axial 

distance. Figure (4.3) shows this comparison within the interaction length, where 

the dashed line is plotted using Eq. (4.1).

As we pointed out in Subsection 2.4.1. SBS is a convective instability and 

therefore should be supported at all times by a noise source and/or electromag

netic seed. The results described here are obtained with a seed provided by a
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small amplitude electromagnetic wave with the frequency shifted to satisfy the 

backward SBS resonance condition for a wave propagating in a direction oppo

site to the pump beam. The intensity of the seed electromagnetic wave is a 

small fraction (e ~  10-6) of the maximum intensity of the pump beam. It is 

supported by density modulations produced by the ponderomotive force of an 

inhomogeneous incident laser beam.

4.2 Sim ulation plasma param eters

Guided by experimental conditions [19.17], the following plasma parameters have 

been chosen for the simulations. The density gradient measured in experiments 

had a typical scale length of 300^m. The size of the plasma in our simulations 

(160nm  x 180/im) was smaller than the characteristic inhomogeneitv length in 

the experiment, therefore the assumption of a homogeneous plasma density (Sec

tion 2.2) is well justified. An additional approximation, of a zero initial plasma 

velocity, has been made in order to simplify instability modeling. It is clear, that 

for a complete understanding of the interaction processes, particularly backward 

SBS [22]. the effects of inhomogeneous plasma flow have to be included, but the 

emphasis in this analysis is on processes which directly affect transmitted light, 

e.g. near-forward SBS. filamentation or self-focussing which are less sensitive to 

the plasma inhomogeneity.

We control the backward SBS by introducing relatively strong damping of 

ion acoustic wave at the wave number ks and frequency ujs. These are waves 

resonantly driven by the backward SBS and in the simulations are assumed to 

have a damping rate 7s/«*;a =  0.3. A laser beam has been focussed in the middle 

of the box {x/ =  80nm) and the temperature of the electrons was taken to be 

Te = lfceW We have varied the plasma density over the range ne/ n c from 0.05 

to 0.3 and have used different values for the pump intensity. The simulation time
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Figure 4.4: Circular focus - typical time dependence of backward SBS reflectivity. 
The parameters of the run are I0 = 1.7 x 10loH’/cm 2. ne/ n c =  0.1.

corresponds to laser pulse duration of approximately 100 ps.

4.3 Early tim e behavior

During the numerical calculations we monitored the plasma density fluctuations 

Sne and intensity distribution lEI2 inside the plasma, which we define as near 

field. The angular distribution of the transmitted and reflected light brightness in 

the far field [1] has been calculated by taking a Fourier transform of the outgoing 

electric field on the boundaries of the simulation region. We have also collected 

data relevant to the time evolution of the angular brightness distribution as 

well as the integrated energy flux in the far field. A typical time dependence 

of backscattered SBS reflectivity is shown in Fig. (4.4) for circular focus and 

ne/ n c = 0.1. /o =  1.7 x 1015H '/cm2. The figure displays an initial phase of rapid 

growth followed by a quasi-stationary behavior, including regular oscillations on 

the scale of % 50ps. These oscillations are a consequence of a dynamic evolution 

of the narrow beam (/i = 3 )  self-focussing.
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Figure 4.5: Circular focus - contour plot of the near field intensity distribution 
at t = lOps.

The average reflectivity level is of the order of 10%. The backscattered reflec

tivity has been adjusted to experimental values through an appropriate choice for 

the ion acoustic wave damping and the magnitude of the electromagnetic seed. 

It is important to keep the backscattered reflectivity in simulations at moderate 

levels in order to prevent pump depletion from dominating the interaction [4. 7]. 

The angular spread of the backward SBS light in the simulations is several times 

larger than the focussing angle of the pump [6]. Therefore the integrated reflec

tivity in a near-backward direction is always higher (~  40%) than the backward 

reflectivity collected by the focussing lens, as measured in experiments.

The SFI of the narrow Gaussian beam is also an important part of the early 

time evolution. The focussing of the narrow beam is illustrated by Figs. (4.5) 

and (4.6). Figure (4.5) shows a contour plot of the normalized electric field 

intensity distribution |£ j2/47rnc7'e at t = lOps. The laser light propagates from 

the left and produces backscattered light represented here as short wavelength 

modulations which increase in the amplitude toward the left boundary. The SFI
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- 0.2
120 160

Figure 4.6: Circular focus - density cross section at best focus position at t = 
10 ps.

occurs after the SBS region, in the front part of the plasma and extends up to the 

right boundary. This evidence of the virtual separation of the two instabilities 

will be further stressed and discussed below.

Figure (4.6) shows a cross-section of the density perturbation at the current 

best focus position. Although these plots are for the circular focus, the line 

focus demonstrates similar behavior at early times. In both cases, only the 

narrow Gaussian portion of the laser beam undergoes an increase in intensity 

and shortening of transverse dimension. The characteristic self-focussing time 

defined by the propagation of density perturbations across the laser beam cross- 

section [1. 2] is given by

tsf —

During this time the initial central part of the pump beam is focussed to a size 

of the order of one-two laser wavelengths [cf. Fig. (4.5)]. The further contraction 

is prevented by diffraction [4. 8]. Saturation of the SFI due to nonlinear density 

depletion does not play an important role at this stage in our 2D simulations,
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Figure 4.7: Near field intensity distribution along the axis of the laser beam 
propagation at different time moments: (a) 20ps. (b) 30ps. (c) 40ps.

because the corresponding density perturbations are at moderate levels of a few 

percent [cf. Fig. (4.6)].

Figure (4.7) shows a sequence of near field intensity distributions along the 

beam axis for different moments in time. The position of the focal spot is chang

ing in time. It moves forward * in the direction of propagation of the laser light 

starting at i f  at t = 0. This evolution of a hot spot agrees with simulation 

results obtained previously in Ref. [2] the using paraxial optics approximation. 

This movement is a consequence of the refocussing of the laser beam by the nar

row density channel, which acts as an effective plasma lens. The hot spot motion 

results in the oscillations of the backward SBS reflectivity displayed in Fig. (4.4).

'Hot spot dynamics have also been described in Refs.[13. 14]. In addition to motion away 
from the laser, which is associated with a formation of long filaments, the hot spot can move 
toward the laser if the focal plane is deep enough in the interaction region. However, these 
results did not include effects of SBS.
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The speed of a hot spot can be estimated from the following considerations. 

In order to compensate for the divergence of a beam due to diffraction the lens 

formed in plasma should have a focal length equal or smaller than the Rayleigh 

length of the beam [4]. Assuming the lens formation time to be taj  we can obtain 

an estimate for the speed of the local spot movement.

cf = 2TTfiCsyJl -  ne/ n c. (4.3)

This speed is supersonic and for parameters of Fig. (4.7), cj «  17cs where we 

have assumed f \  = 3. This predicted value for cj is approximately two times 

higher than that inferred from numerical results in Fig. (4.7). The factor of two 

discrepancy can be accounted for by the change in the effective f-number, which 

decreases due to self-focussing of the narrow beam. This change of the effective 

f-number plays a very important role in the next two chapters where the main 

focus is the effect of self-smoothing.

4.4 F ilam entation instability o f th e wide laser 
beam

Density fluctuations [cf.(4.6)| produced by channel formation and self-focussing 

of the narrow beam, provide a strong seed for the FI and near-forward SBS. 

These processes involve the wide Gaussian part of the beam defined by / 2 and 

E02 in Eq. (4.1). Well-developed linear filamentation can be observed at times 

as early as t ~  lOps.

Figures (4.8)(a) and (4.8)(b) demonstrates the angular distribution of the 

transmitted and reflected light for this moment of time. The angular distribu

tion of the transmitted light. Fig. (4.8)(a), shows two characteristic shoulders in 

the far field distribution, which extends within the angular range of about ±6° 

forward direction. This is consistent with the linear spatio-temporal evolution
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Figure 4.8: Far field angular distribution of (a) transmitted light at t = lOps 
(solid line) and at t = Ops (dashed line), and (b) reflected light at £ =  lOps for 
the parameters of Fig.(4.4).

of the FI as will be discussed later. Namely, the broadening of the spectrum 

of the transmitted light is a result of scattering of the laser pump on density 

modulations produced by the FI. The angular spread corresponds to the angle 9 

satisfying the relation

is the wavenumber of the fastest growing mode in ponderomotive FI. For the 

parameters of Fig. (4.8)(a) this angle is approximately 7°. In addition, den

sity perturbations resulting from the SFI of the narrow beam [cf. Fig. (4.6)] 

contribute to spreading of the laser beam at this early time of ~  lOps.

Figure (4.8)(b) shows the far field distribution of the backscattered light 

at the same moment in time. Clearly the reflected light displays a much wider 

angular distribution as compared to the transmitted light. The broadening shown 

in Fig. (4.8) (b) is typical for backseattering from a small f-number hot spot 

[4. 6]. It is the combined effect of SBS taking place within a narrow density
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channel and diffraction effects. Comparison between transmitted, Fig. (4.8)(a), 

and backscattered light. Fig. (4.8)(b). is additional evidence that filamentation 

and density modulations affecting transmitted light are spatially separated from 

the region of backward SBS growth. The contour density plot in Fig. (4.5) has 

already demonstrated this separation. This is one of the characteristic features of 

the interaction between backward SBS and filamentation. which persists at later 

times as well. In effect, both instabilities develop almost independently. This 

behavior is in contradiction to often-used arguments [cf.. e.g. Ref. [3]] regarding 

filamentation significantly enhancing or affecting backward SBS. Still, only light 

that propagates through the region of backward SBS growth can support SFI. 

This in turn affects SBS and leads to reflectivity modulations in Fig. (4.4) due 

to moving hot spots early in time.

4.5 Near-forward SBS

With time, the angular distribution of the transmitted light changes and becomes 

more complicated. Figure (4.9)(a) shows transmitted light at the time 28ps 

for the circular focus. Comparison with Fig. (4.8)(a) discloses the enhanced 

spreading of the beam related to the FI of the broad beam and scattering by 

density fluctuations produced by SFI of the narrow beam.

However. Fig. (4.9) at the time 50ps shows very- different shape for the angular 

distribution. Symmetric maxima in the transmitted light at approximately 15° 

are well outside the characteristic angle for the FI. This light is consistent with 

the angular dependence of a linear gain for near-forward SBS.

Similar angular distributions of the transmitted light are shown on Figs. (4.10) 

(a) and (b) for the line focus, for times t = lOps and t =  28ps respectively.

The important information, which is needed to discriminate SBS from FI 

scattered signal, is the frequency spectrum of the transmitted light. Figure (4.11)
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Figure 4.9: Circular focus far field angular distribution of the transmitted light 
at t = 28ps (a) and t = 50ps (b) for the parameters of Fig. (4.4).
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Figure 4.10: Line focus -  far field angular distribution of the transmitted light 
at t =  lOps (a) and t = 28ps (b) for the parameters of Fig. (4.4).
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shows the frequency spectra of the light propagating in different directions, 5°, 

10° and 15° for a circular focus at ne/ n c =  0.1. /  =  1.7x 10l5H'/c7n2. It is evident 

that the transmitted light has a red shift, which increases with the propagation 

angle in the forward direction. The dominant shift agrees well with the ion- 

acoustic wave frequency, satisfying the resonance condition for the near-forward 

SBS:

u,'2 — k 2C,.
where

ko = 2 k0 = 2  —  J l  — ne/n csin0/2. 
c v

For small angles of propagation (at 5°. Fig. (4.11)). the spectrum also con

tains unshifted components as a result of a scattering on stationary density fluc

tuations. produced by FI and SFI. Spectra of the light scattered into negative 

angles with respect to 0° are very similar to Fig. (4.11). The straight light at 0° 

displays small scale modulations and broadening from a complicated late time 

density distribution.

4.6 Late tim e evolution

Figure (4.12) represents the near-field laser intensity and plasma density distri

butions for the case of the circular focus at a later time ~  lOOps. The contour 

plot of the ponderomotive potential in Fig. (4.12)(a) clearly shows that the sep

aration between regions of backward SBS growth (the rear part of the hot spot, 

on the left side of the figure) and the one. where near forward SBS, filamenta

tion and SFI (the front part of the hot spot, on the right half of the figure) is 

preserved in time.

An important physical process contributing to this complicated and time 

changing distribution of the electric field. Fig. (4.12)(a), and plasma density, 

Fig. (4.12)(b). is the nonlinear evolution of the SFI [10]. The SFI leads to
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Figure 4.11: Circular focus - frequency spectra of the transmitted light propa
gating at different angles from the direction of the laser pump (dotted line) for 
the parameters of Fig. (4.4). The spectra have been calculated by taking Fourier 
transform of the data collected over the duration of the run. i.e. ~  lOOps
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Figure 4.12: Circular focus -  near field intensity(a) and density (b) distributions 
at t = lOOps for the parameters of Fig. (4.4).
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Figure 4.13: Circular focus - far field angular distribution of the transmitted and 
reflected light at t = lOOps for the parameters of Fig. (4.4).

formation of several small scale intensity maxima during the decay of intense hot 

spots, which contain a power P  above the critical value Pcf. i.e.

P/Pc =  2.65/* — »  I- (4.6)
tx £ 4 / i  f tp 7 )

As the initial ratio of P/Pc for the narrow beam equals 13.4 for our parameters, 

we observe in the simulations a very pronounced hot spot power redistribution.

Figure (4.13) shows the far field distribution of the transmitted and reflected 

light at the same late time (t =  lOOps) as the near field plots in Fig. (4.12). The 

multiple speckles in the plasma introduce phase perturbations in the propagating 

electromagnetic field, which result in small scale, high amplitude variations in 

the angular distribution of the transmitted light, which is reminiscent of the 

RPP distribution. This distribution in brightness is also changing in time due 

to the dynamic evolution of hot spots. None of these phase variations have been 

introduced into the backscattered light, once again demonstrating the spatial 

separation of backscattered SBS and SFI. A similar evolution of the laser beam

fHere the critical power. Pc. is defined for 3D geometry according to  Ref. [13].
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structure has been found previously in simulations with a simple Gaussian beam 

profile [4. 7]. However the large angle component in the transmitted light is 

especially enhanced in our simulations due to the presence of a small f-number 

Gaussian part of the laser beam.

An important characteristic of this nonlinear stage of the interaction process 

is the effective widening of the laser beam, which spreads outside the original 

width, defined by the focussing optics. This increases on average the gain length 

for wide-angle SBS side-scattering. The electric field, Fig. (4.14) (a), and plasma 

density, Fig. (4.14) (b), distributions for the line focus at the relatively late time 

illustrates similar physical processes as the circular focus images, Fig. (4.12). 

with clearly visible density fluctuations due to side scattered SBS. However both 

density and intensity perturbations are more regular as compared to late time 

circular focus images in Fig. (4.12) which are strongly affected by the short scale 

intense hot spots. This is also reflected in the far field angular distribution of 

the transmitted light. Fig. (4.15). indicating the existence of a density grating in 

the plasma with the dominant wave vector.

An analytical description of the late time evolution of our simulation results is 

a difficult problem falling between the relatively well understood theory of a single 

Gaussian hot spot and the complicated, broad and time dependent intensity 

distribution in the plasma giving rise to the angular distribution of the far field 

radiation, which is typical for RPP beams. This effect can be described as the 

self-induced plasma smoothing of the laser light, presented in greater detail in 

the next Chapter 5.
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Figure 4.14: Line focus -  near field intensity (a) and density (b) distributions at 
t = 50ps for the parameters of Fig. (4.4).
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Figure 4.15: Line focus -  far field angular distribution of the transmitted and 
reflected light at t = lOOps for the parameters of Fig. (4.4).

4.7 Reflected and transm itted light as function  
of plasm a density

We have also compared the theoretical predictions with the experimental mea

surements of the reflected and transmitted energy from Ref. [19]. In the exper

iment. all light emitted from the plasma was collected with / / ‘2 optics, which 

corresponds to collection inside a 14° cone.

Figure (4.16) shows the dependence of the reflected (dashed line with cir

cles) and transmitted (solid line with asterisks) light on the plasma background 

density. The light power has been calculated from the simulation results within 

the 14° cones in the forward and backward direction at laser intensity of /  = 

1.7 x 1015ir /c m 2. Our results are consistent with the experimental observations 

shown in Ref. [19] at higher laser intensities, displaying more light propagating 

outside the forward cone of 14° and not being accounted for in Fig. (4.16) for 

higher densities. This can be explained, both in terms of scaling properties of 

the deflection angle due to the FI [17] and in terms of side-scattered SBS. The
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Figure 4.16: Circular focus -  transmitted and reflected light integrated within 
the 14° cone as a function of density for intensity I0 = 1.7 x 10l5lV/cm2.
The figure shows the dependence of the reflected (dashed line with circles) and 
transmitted (solid line with asterisks) light on the plasma background density.

amount of backscattered light in Fig. (4.16) within the cone of 14° saturates at 

higher densities and shows a small intensity increase outside the cone defined by 

the focussing optics.

4.8 Spatio-tem poral evolution o f near-forward  
SBS and FI

The angular spread, spectra and intensity distribution of the transmitted light 

in simulations as well as in experiments depend on the FI and near-forward 

SBS. In order to facilitate interpretation of numerical and experimental data we 

summarize in this section the results of the linear theory of the spatio-temporal 

evolution of these instabilities relevant to the conditions of our simulations. We 

show that within the duration time of the pulse, i.e. approximately lOOps. linear 

theory gives an accurate prediction of the temporal growth of both instabilities. 

At first, the FI grows at a rate comparable to near-forward SBS. However, it
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saturates at an earlier time and is restricted to smaller deflection angles. Forward 

SBS dominates interactions at later times and is primarily responsible for the 

observed large angle scattering. SBS produces red-shifted spectral components in 

the transmitted light shown in Fig.(4.11). which is also observed experimentally.

In Subsection 4.8.1 we present a model of the near-forward SBS. which ap

pears to dominate the interactions described in our simulations. The discussion 

of the effect of the finite transverse size of the laser pump on the SBS is given in 

Subsection 4.8.2. Filamentation is addressed in Subsection 4.8.3.

4.8.1 Near-forward stim ulated B rillouin scattering

The linear evolution of near-forward SBS has been obtained from a simple model 

that describes the resonant interaction between an electromagnetic wave of am

plitude Ei propagating at an angle d from the forward direction, and an ion- 

acoustic wave with wavenumber ks coupled to an electromagnetic pump plane 

wave propagating along the A'-axis. Consider an approximation in which the 

electric field is decomposed into a pump. E0. and scattered wave. Ei, compo

nents

E (r. t) = E0 (r)e,koz + E t ( r. t)e'k ir . (4.7)

To determine the decomposition of the density perturbation we take into account 

that the source term in Eq. (2.91) is proportional to

|E |2 =  |£ 0|2 +  |E t |2 + £ 0£*e‘t*°*~kl'r) + E*E1e - ‘(fco' - ,tir)? (4.8)

and we span the density perturbation onto the same basis of exponential func

tions:

Sne(r. t) = dni(r. £)c,(ko-p- kf p) + c.c. . (4.9)
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Here we used that the density perturbation is a real quantity 6 ne =  >5n* and that

The vector configuration for the forward SBS is shown in Fig. (2.4).

Substitution of Eq. (4.7) and Eq. (4.10) into Eq. (2.91) and Eq. (2.88) yields

where we have neglected all the non-resonant terms and the Laplacians of the 

slowly varying amplitudes of the electric field. A simple estimate shows that the 

first term in Eq. (4.11)

so it can be neglected too. Finally we rotate the coordinate system so that one 

of the axis is parallel to the vector ki and constitutes an angle 9 to the x — axis 

and obtain

where vg =  k2 cr/u!0 is the gToup velocity of the scattered wave and I is the 

distance measured along the direction of propagation (parallel to ki).

This approximation is also valid in the regime of strongly driven SBS. where 

the growth rate is comparable to or larger than the ion-acoustic perturbation 

frequency. The spatio-temporal evolution is calculated from the inverse Laplace 

transform integral

kQz =  ko • r. If in addition we use the matching condition Eq. (2.50) to obtain

dne(r. 0  = dn^r. t)e‘(k*'r) +  c.c. (4.10)

•>

(4.11)

( (4.12)

(4.13)

(4.14)

i a£ + iA i ( s ) / (4.15)
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where E 3ee(i represents the amplitude of the electromagnetic seed. / =  L/cos{9) 

is the amplification length calculated along the direction of the propagation of 

the scattered light. The function Ai in the absence of ion-wave damping has the 

following form

<-U 6)
where the homogeneous SBS growth rate

2 i n e \ E o \ 2~o =  w0k2ct —  — ----- — . (4.11 )nc 64:rncTe

and the group velocity of the light is given by

vg = c y / l -  ne/ n c. (4.18)

Using a saddle point analysis of the integral in Eq. (4.15) we find two char

acteristic solutions for SBS growth. In the strongly driven regime |s| 3> a,’2. SBS

varies as exp(idit). where

^  =  | ( l - . V 3 )  ( ^ ) ' / 3 . (4.19,

With time, the SBS growth Im(S i ). decreases and the instability reaches a weakly 

driven regime where the time variation of E\ is given by exp -+- S2 t) with 

S'2 “C  u,'2 -

6 2 =  2-yo y/ljvgt- (4.20)

Figures (4.17) (a) and (4.17)(b) illustrate the different regimes of the linear evolu

tion of near-forw ard SBS by displaying the time of strongly-driven SBS threshold 

(dotted lines defined by Im(Si)t =  1) and the time for transition between weakly 

and strongly driven SBS (lines 2 defined Im(Si) =  6 2 ). These twTo figures have 

been drawn for two sets of parameters: /  =  1.7 x 1015IU/cm2. ne/n c =  0.2 

[Figure (4.17)(a)]. which has been used in most of our simulations as well as 

in several moderate-density experiments and /  =  5 x 1016W'/cm2 , n e/ n c =  0.05
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Figure 4.17: Characteristic regimes of the linear evolution of the near-forward 
SBS. based on Eq. (4.19) and Eq. (4.20), shown for two sets of parameters: (a) 
/  =  1.7 x l0 lo\Y/cm2.ne/ n c =  0.2. / =  100pm. (b) /  = 5 x 10l6ll'/cm 2,ne/n c = 
0.05. / = 100pm. Dashed lines show the time when the instability reaches the 
strongly driven SBS threshold, lines 2 show the transition time between the 
weakly and strongly driven SBS. and lines 1 display possible saturation time, 
due to the convection of sound waves in transverse direction.

[Figure (4.17)(b)]. which characterizes high-intensitv experiments. In each case 

Te = lfceV' and A = lpm. The characteristic length was set to / =  100pm.

We have also displayed the time (lines 1) of possible saturation due to the 

convection of sound waves in the transverse direction. In the absence of strong 

damping this is the only mechanism which can lead to a stationary near-forward 

SBS. However for our parameters the transverse interaction length is Sy ~  100pm 

so that this time Sy/c, is very long and has no significance on the lOOps scale 

of the experimental laser pulse.

Figure (4.17)(a) shows that during most of this time and for relatively large 

angles, SBS is weakly driven. At higher intensities the strongly driven SBS 

dominates during the pulse [cf. Fig.(4.17)(b)].

The characteristic time evolution of SBS as given by Eq. (4.19) or Eq. (4.20) 

also defines the magnitude of the red shift of the deflected electromagnetic radi

ation. Our numerical results are consistent with the parameter set correspond-
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Figure 4.18: Comparison between the normalized spectra, calculated
fromEq. (4.15) for strongly driven SBS (line 1) for /  = 1 x 10l6W/cm2. 
ne/ n c = 0.2. and for weakly driven SBS (line 2) for /  = 2 x 10l5H'/cm2. 
ne/ n c =  0.2. The frequency is normalize to jj2 = 2k0cs sin 0/2.

ing to Fig. (4.17)(a) and accordingly they show a red shift defined by ui2 [cf. 

Fig.(4.11)].

The experimental data also includes results of high-intensity interactions [cf. 

Fig. (4.17) (b)] and therefore display larger spectral shifts of the transmitted light, 

which could be consistent with strongly driven SBS.

We calculated numerically the Fourier spectra of the scattered light obtained 

from linear theory. Eq. (4.15). and analyzed the results for a wide range of 

parameters, often for pump intensities, which are inaccessible in the numerical 

simulations because of steep spatial gradients generated during the non-linear 

stage of temporal evolution. Figure (4.18) shows an example of a comparison 

between the normalized spectra produced by a strongly driven SBS (line 1) for 

/  =  1 x 1016H '/cm2.n e/ n c =  0.2 and by weakly driven SBS (line 2) for /  =  

2 x 1015H7cm2. ne/ n c = 0.2. The frequency is normalized to u;2 which depends on 

the scattering angle, i.e. Fig. (4.18) is valid for all deflection angles 6. The Fourier
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Figure 4.19: Experimental frequency spectrum at 9 = 23° for the laser peak 
intensity /  =  5 x 1016lV/cm2.rie/ n c = 0.2 and peak plasma density is 0.28nc.

transform has been taken over the time-window 0 < t < 20/^2. As expected, the 

spectrum for the weakly coupled SBS peaks at jj =  and it is much narrower 

as compared to the spectrum of the strongly driven SBS (line 1) which is shifted 

further towards higher frequencies. Experimental data [19. 17. 22]. exhibit the 

qualitative features shown by line 1 in Fig. 4.18.

Figure 4.17 does not show any restriction on the angle of deflection 6. This is a 

consequence of assuming a plane wave pump with no limitation on the interaction 

length in different directions. To improve the predictions of the linear theory we 

introduce in the next subsection a more realistic model of the laser pump with 

finite transverse dimensions for the case of weak SBS coupling.

The broader component in Fig. (4.18) resembles the spectra observed in the 

experiment. Fig. (4.19). in which the signal was collected at a forward angle of 

23°. The signal was collected by a lens (collection solid angle of 2 x 10-3sr), which 

coupled the light through an optical fiber to 1.2m spectrometer which dispersed 

the light. The signal was time resolved with an optical spectrometer (~  50ps
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time resolution). Forward-scattered signals could be observed only for incident 

intensities greater than 5 x 1015ir /c m 2: over this intensity range the wavelength 

shift was approximately constant. For the signal showm in Fig (4.19) the laser 

intensity is 5 x 1015ir /c m 2 and the peak density is 0.28nc. The experimental 

spectrum is shifted further to the red than the results for the strongly-driven 

near-forward SBS would indicate. Several additional processes, including hy

drodynamic evolution or localized heating of the plasma could account for this 

additional effect.

4.8.2 Effect o f th e finite transverse size laser pum p

The results discussed below' are derived from an analytical solution of the SBS 

model, which in addition to the weakly driven approximation and no pump deple

tion. includes a laser pump intensity variation along the direction of propagation 

of the scattered light. This limits the SBS gain length, particularly at large an

gles in forward direction. The FI is less affected as it develops within a smaller 

angular spread.

The analysis following Eq. (4.15) leads to different regimes of SBS growth 

shown in Fig.(4.17). Clearly the inhomogeneity in the transverse dimension of 

the laser pump will limit SBS amplification for larger angles of propagation. 9, 

of the scattered light. In order to obtain an approximate expression for the 

scattered light amplitude we further simplify Eq. (4.13) and Eq. (4.14) limit

ing our description to the weakly coupled SBS. This is the dominant regime of 

SBS evolution observed in simulations [cf. Fig.(4.11). Enveloping in time the 

amplitude

E i =  Es exp (to^O- 

d'ri! =  Sn, exp (—iuj2t).

(4 .2 1 )

(4 .2 2 )
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about the frequency =  k2c3 we obtain from Eq. (4.13) and Eq. (4.14) that

QE
2r0- ^  = - W — E*. (4.23)

fn :
dl nc

Sn* = E's. (4.24)S2irncl e

The boundary conditions. E,(l — 0. t) =  E,eed and 8n,{Lt — 0) =  0 include an 

electromagnetic seed wave for side-scattered SBS and no initial density pertur

bations.

Combining Eq. (4.24) and Eq. (4.13) and defining a new function [16j

a{l. t) = 8n] exp (-% f) (4.25)

we obtain a second order PDE for the function a [cf. Ref. [11]]

dtdl vg
a = 0. (4.26)

where ">0 depends on / due to the intensity of the pump, which is inhomogeneous 

in y-direction. Solving Eq. (4.26) using the method of Riemann functions [16. 11] 

and introducing the SBS amplification due to the inhomogeneous laser pump 

intensity as a new variable

m  = -  f  --o2( 0 <W. (4 27)
V g  Jo

we obtain

a($.t) = f Q dtT0( 2 ^ { t - t ' ) ^ a { Q .  t'). (4.28)

Here / 0 is the modified Bessel function of zeroth order. From the last equation by 

using Eq. (4.24) to express the time derivative of a at £ =  0 via the electromag

netic seed, we obtain the following expression for the the temporal dependence 

of the scattered wave amplitude

E,(0.t)
• s e e d

= 1 +  j *  dt'yJT/t'11 ( 2^ )  (4.29)
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Figure 4.20: Comparison between the simulations results (small circles) and 
analytical results (solid line), based on Eq. (4.29) for circular focus (a) and line 
focus (b). The transmitted light propagates at 20° off the forward direction. 
Parameters are I = 1.7 x 1015U ycm 2. ne/ n c = 0.2.

One can see from Figs. 4.13 and 4.14 that the width of the laser beam has in

creased up to three times over its initial width. In addition, the speckle structure 

of the electromagnetic field is not stationary. The characteristic time for changes 

in the beam structure is shorter than the growth time of forward SBS. so when 

comparing the analytical result from Eq. (4.29) with the numerical simulations 

one can time average the intensity distribution.

In order to account for widening and splitting of the pump, for both circu

lar and line focusses, we have used the intensity distribution constructed from 

two Gaussian beams with corresponding initial f-number for the wider beam [cf. 

Eq. (4.1)]. namely /  =  18 for circular focus, and /  =  36 for line focus. The two 

beams were shifted across from the laser axis by a distance 1.6/A0 for circular 

focus, and / A0 for line focus. These two parameters were adjusted to obtain the 

best agreement with the numerical simulation results. Such an agreement is illus

trated in Figs. 4.20. which shows the time evolution of the transmitted light for 

a direction 20° off the forward direction. The small circles correspond to results 

from simulations and the solid lines to predictions of the linear theory based on
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Figure 4.21: Results of the SBS gain calculations from Fig. (4.20) for different 
angles, shown for circular focus (a) and line focus (b). The parameters are as in 
Fig- (4.20).

Eq. (4.29). All parameters are from typical runs for /  =  1.7 x 1015lV’/cm 2 and 

ne/ n c =  0.2. The data from the simulations is normalized to the corresponding 

initial level of the transmitted light. Simulation results for the circular focus, 

Fig. 4.20(a). demonstrate a very good agreement with the linear model. Line 

focus data. Fig. 4.20(b). shows an oscillatory behavior around the average val

ues of the simplified analytical model. The reason for these oscillations may be 

the late onset time of the forward SBS, because of the slower development of 

self-focussing and filamentation in comparison with the circular focus case.

The angular distribution of the forward scattered light at t = lOOps for cir

cular focus is shown on Fig. (4.21)(a) and the one at t = bOps for line focus is 

shown on Fig. (4.21 )(b). The small circles correspond to results from our two- 

dimensional simulations while the solid line depicts |£ri(0,f)|2, obtained from 

Eq. (4.29). where the interaction length I =  160pm was the same as in simu

lations. In perpendicular direction the intensity distribution was approximated 

by a Gaussian profile. The simulation points have been obtained from the far 

field values [Figs.(4.13),(4.15)]. The analytical results have been obtained with
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Figure 4.22: Circular focus. Results of the linear theory calculations of the 
near-forward SBS gain Eq. (4.29)) as a function of deflection angle for different 
densities (a): ne/ n c : (1)0.1. (2)0.2. (3)0.3. for intensity /  =  1.7 x 1015H’/cm 2 
at time t = 50ps Similar gain calculations for different laser intensities (b): 
/  : (1)1.7 x 10l5H’/cm 2. (2)5 x 1015H7cm2. (3)10 x 10l3H’/cm 2. for density 
ne/ n c = 0.05.

the pump model described above and adjusted to achieve a better comparison 

of the time evolution shown in Fig. (4.21). The good agreement between SBS 

analytical theory and full simulation results gives an additional indication that 

forward SBS dominates the interaction process at late times.

Finally, the results of the linear theory Eq. (4.29) with a finite cross-section 

pump, adjusted to fit the transmitted light are given on Fig. (4.22). Fig

ure (4.22)(a) shows the amplification of the small signal go forward SBS for 

the circular focus. /  = 1.7 x 10l3ir /c m 2, at time t =  50ps for different plasma 

densities as a function of deflection angle. Clearly, the increase of plasma den

sity leads to an increased broadening of the transmitted light due to near-forward 

SBS. an effect observed also experimentally. A similar dependence is observed 

with the increase of pump strength as shown on Fig. 4.22(b).
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4.8.3 F ilam ent at ion instability

The role of the FI in the spreading of the transmitted light has been discussed 

before [19. 17]. Here we review the main features of spatio-temporal evolution 

of FI in order to compare it with SBS.

The linear evolution of the electric field perturbation. Ej,  of electromagnetic 

waves participating in ponderomotive filamentation can be obtained from integral 

similar to Eq. 4.29

Ef (6. t) = Eseed I  ^ j ^ e M X f ia 'q)L- (4.30)

where the wave vector q defines the direction of propagation of unstable electro

magnetic waves (tan# = q/k0). For negligible ion-acoustic damping. A/, has the 

following form:

Here we introduced the maximum wavenumber

2 i I ^ O f  / . 0 0 \
9c =  * o ~ g ' r  (4-32)

Tlc O n  Tlc l  e

which defines region q < qc of unstable transverse perturbations.

In the long time limit with s —> 0. the instability reaches a stationary' state

with spatial growth exp{k,L) where

K = H ; \ / l  -  (4 33)

In order to find intermediate asymptotic solutions, we have approximated the 

integral in Eq.(4.30) by the value of the integrand at s =  cr* with solutions a, 

found from the constant phase condition. During the initial fast evolution of the

instability, i.e. for q qc <g. s/cs. the condition for the stationary phase has a

solution corresponding to the exponential growth of the FI, exp(<7it), where

= ( & £ L ) ' 13 (4.34,
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The solution is similar to the regime of strongly coupled SBS. Eq. (4.19). With 

time. <71 decreases and the growth of the FI is defined by s =  a2. which satisfies 

the condition q a2jcs -C qc. (the regime of weak coupling) where

Figure (4.23) illustrates the results of the linear analysis of the ponderomo- 

tive filamentation for two characteristic parameter sets: /  = 1.7 x 1015H'/cm2. 

ne/ n c =  0.2 [Fig. 4.23(a)]. which were used in most of our simulations as well 

as in several moderate intensity experiments: /  = 5 x 10l6lV/cm2. ne/ n c =  0.05 

[Fig. 4.23(b)], which characterize high intensity experiments. In addition, the 

interaction length in Eq. (4.34) and Eq. (4.35) was assumed to be L =  100pm. 

The other parameters were Te = lke\ ' .  A = 1 pm. Both figures show differ

ent regimes of FI growth as a function of the angle 0 and the interaction time. 

t. Line 1 shows the time, defined by the relation o2(t)t = k„L. when the FI 

growth reaches maximum defined by a stationary gain. Line 2 is defined by 

crj(f) =  a2(t) and indicates the time of transition between the strong coupling 

growth rate. Eq. (4.34). and weak coupling. Eq. (4.35). The dashed lines define 

the thresholds. att =  l .( i  = 1. 2). Line 1 limits the region of non-stationary 

growth where a,t < k,L.

For the characteristic parameters used in Figs. (4.23) (a) and (4.23)(b). the 

time dependent growth dominates the development of the FI during the first 

lOOps. which corresponds to the pulse duration in the experiments [19]. At 

smaller angles the growth is described mainly by exp(a20r while at larger 6 

values the instability becomes stationary before it can reach that regime. This 

higher intensity of Fig. (4.23)(b) is responsible for almost doubling the deflection 

angles of the transmitted light.

Comparison between the temporal growth of the FI. Eq. (4.34), and SBS, 

Eq. (4.19). reveals another interesting feature of the linear theory, namely that

/  gccsq2L \
V 2 k 0t  )

1/2

(4.35)
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Figure 4.23: Characteristic regimes of the linear evolution of FI based on 
Eq. (4.34) and Eq. (4.35). shown for two sets of parameters: (a) I  =  1.7 x 
10l5H’/cm 2. ne/ n c - 0.2. L = 100/zm. (b) /  = 5 x 10l6H'/cm2, ne/ n c =  0.05, 
L =  100/im. The dashed line define thresholds. crtt = l .( i  =  1.2). Line 1 shows 
the time, defined by the relation cr2(£)£ =  kaL , when the FI growth reaches max
imum defined by a stationary gain. Line 2 indicates the transition time between 
the regimes of strong and weak coupling.

the FI grows at a rate comparable to the SBS growth rate. However it reaches 

the stationary regime much sooner and leads to smaller deflection angles. Also, 

the FI does not produce a spectral shift in the electromagnetic radiation, which 

has been observed in both the simulations and the experiments.
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Chapter 5 

R P P  beam interactions

Spatially incoherent laser beams are widely used in laser-plasma experiments 

because of their capability to control the light intensity distribution and to po

tentially suppress parametric instabilities [32. 28, 13. 1. 19. 20, 25] such as back

ward SBS. A technique to generate spatially incoherent laser beams is the random 

phase plate (RPP) [10] that breaks the incident laser light into many beamlets 

with random phase shifts. A RPP laser beam has large intensity fluctuations 

in the focal spot. The peak intensity in a laser speckle can be larger than the 

average beam intensity by an order of magnitude. These large intensity hot spots 

may have dramatic consequences for SBS. FI and their mutual interplay.

New statistical models [22. 23, 24. 18. 29. 30] have been developed to de

scribe scattering instabilities driven by RPP pumps. These theories calculate 

reflectivity by averaging the independent hot spot contributions with respect 

to the intensity distribution function. It appears now that SBS is particularly 

sensitive to plasma induced changes in the hot spot distribution [30].

Several experiments have shown that a laser beam propagating in an under- 

dense plasma develops angular spreading and spectral broadening with a shift 

toward longer wavelengths [17. 12, 36]. Similar plasma induced angular spreading 

and red shift have been observed in simulations [5. 35] describing the interac

tion of a coherent beam with a plasma. These results were explained in terms
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Figure 5.1: Typical contour plot of the intensity of the laser beam. Definition of 
the hot spot sizes.

of forward SBS and filamentation instabilities. On the other hand, numerical 

studies [26] with RPP laser beams have shown that both angular divergence and 

temporal bandwidth of the transmitted light are larger that those of the incident 

light in the regimes where filamentation does not reach a steady state. In this 

Chapter we characterize quantitatively this ability of an underdense plasma to 

induce a temporal incoherence together with an additional spatial incoherence 

to a propagating laser beam. This effect is called plasma induced smoothing.

The angular and spectral broadening of the laser beam can be related to 

spatial and temporal statistical characteristics of the laser field. In order to 

characterize the spatial incoherence of the propagating beam, we demonstrate 

that both the longitudinal. /i|. and transverse, /j., [see Fig. (5.1)] speckle sizes 

decrease as the beam propagates through the plasma, while the ratio l\\/l\ does 

not change significantly in space and in time. In addition, the angular width (9) 

of the transmitted light is found to satisfy the standard relation of diffraction 

optics. (9) ~  1 /l±. These results make it possible to define a local (in space and 

time) f-number of the laser beam. We also analyze the angle correlation function 

of the transmitted light. The plasma induced spatial incoherence is found to

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



CH APTER 5. R P P  BEAM  INTERACTIO NS 126

result in an angle correlation function similar to the correlation function of a 

RPP beam characterized by the effective f-number.

The plasma induced temporal incoherence can be characterized by the tem

poral correlation function. For a random laser beam the correlation function 

quickly decays with the time difference of its arguments.

In addition to a quantitative characterization of the plasma induced smooth

ing, we also give an interpretation of its origin. Our overall picture is the fol

lowing: in the regime where the average power in a speckle approaches the 

self-focussing threshold, nonlinear laser filaments form in the front part of the 

plasma. The high-intensity filaments are unstable [34. 33. 6. 21]. The instability 

corresponds to forward SBS growing inside the cavity formed by the density de

pletion associated with the filament. The temporal growth rate is characteristic 

of the so-called strong coupling regime [6. 21]. This instability gives rise, in the 

front part of the plasma, to scattered waves, temporally incoherent and char

acterized by a large spectral red shift and a broad angular distribution. They 

can then be spatially amplified during their propagation through the plasma by 

the forward SBS instability, in the so-called incoherent regime of three-wave cou

pling. This incoherent spatial amplification corresponds to a collective process, 

in the sense that it involves a spatial domain larger than the size of a single 

hot spot. In Fourier space, it gives rise to an increase of the angular width and 

of the spectral broadening while propagating further inside the plasma. In real 

space, it results in speckle size and correlation time both decreasing with the 

longitudinal coordinate. In the low intensity regime these effects result from a 

single scattering process only. In the case of higher laser beam intensity, the 

scattered waves can themselves be unstable with regard to forward SBS, leading 

to a multiple forward SBS process. This leads to further angular and spectral 

broadening of the transmitted light.
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The ability of the plasma to introduce additional incoherence to a propagating 

laser beam has important implications concerning the growth of backscattering 

instabilities. We will show in Section 5.10 that additional spatial incoherence is 

able by itself to reduce backward instabilities, because the gain factor is smaller 

in the shorter speckles. In addition, it has been shown recently [3] that even a 

small level of temporal incoherence is able to dramatically reduce the backscatter 

instabilities. Namely, in contradiction with usual estimates [19, 20], it is found 

that a correlation time as long as a few growth times can reduce the reflectivity 

by several orders of magnitude.

This Chapter is organized in the following way. The importance of the optical 

smoothing techniques is discussed in Section 5.1. The RPP laser pump model is 

derived in Section 5.2. The parameters of the model used in the simulations are 

described in Section 5.3. In Section 5.4 the beam incoherence is quantified with 

spatial and temporal correlation functions. The predictions from the model are 

compared with the numerical results presented in Section 5.5 with a justification 

for the introduction of a effective beam f-number. The beam angular spreading 

is illustrated in Section 5.6. The statistical properties of the propagating beam 

are discussed in Section 5.7. A theoretical model for single forward Brillouin 

scattering from a spatially incoherent beam is developed in Section 5.8. In Sec

tion 5.9 the simulation results for the spectral shift of the transmitted light are 

presented. The reduction of backward SBS is explained by the decrease of the 

effective speckle length in Section 5.10.

5.1 Optical sm oothing techniques

Direct target irradiation with short-wavelength lasers leads to good energy cou

pling and high-ablation pressure with small hot-electron preheat. However, the 

major potential problem in this approach is the irradiation nonuniformity which
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leads to implosion nonuniformity, because of the small lateral-smoothing effects. 

Efforts to achieve uniform illumination have been frustrated by imperfections in 

the laser systems. The cumulative effect of small phase abberations introduced 

by each optical element of a multistage laser produces large random intensity 

non-uniformities. These illumination non-uniformities can be divided into two 

categories:

•  large scale non-uniformities -  encompass the entire intensity profile of the 

incident laser beam:

•  small scale non-uniformities -  involves the detailed structure of the beam 

[cf.Fig.(2.7)].

While the large scale nonuniformity can probably be controlled to within toler

able limits, the non-uniformities from the second group seed the filamentation 

instability. Intensity hot spots caused by filamentation can seriously degrade 

laser-plasma coupling and can produce conditions favorable for other instabili

ties.

To avoid seeding instabilities by the small scale non-uniformities of the laser 

beams, as well as to get some control over the overall laser beam profile, different 

optical smoothing techniques have been developed. One of the most popular is 

the random phase plate technique *. RPP breaks up the incident laser light into 

many small beamlets by means of transmitting areas each one applying a phase 

shift randomly chosen between 0 and n. The beamlets are then focussed onto 

the target and the intensity distribution comprises a very large number of closely 

spaced spikes, arising from the interference between the different beamlets.

*The other two techniques, induced spatial incoherence (ISI) and smoothing by spatial 
diffraction (SSD) require the use of finite bandwidth laser light. The ISI method [14, 15, 2, 8] 
uses a transparent echelon that introduces a different time delay into the produced beamlets 
and renders them mutually incoherent. The SSD method [27] spatially disperses broadband 
light onto a phase plate so that each element of the RPP is irradiated by a different frequency.
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Figure 5.2: Typical intensity cross section at best focus position.(a), and intensity 
contour plot of part of the computational box.(b). at T = Ops. Parameters of 
the run are / # = 4. /0 =  0.85 x 10l5H'/cm2. ne/ n c =  0.1.

Figure (5.2)(a) shows the cross section of the beam intensity at the best 

focus position and Fig.(5.2)(b) -  the corresponding contour plot at time T = 0. 

The RPP intensity pattern in the focal plane consists of a diffraction-limited 

envelope of a rapidly varying structure caused by the interference between rays 

from different phase-plate elements. As an example, consider the interference 

between two rays with lengths L\ and L2. respectively, from a RPP in the focal 

plane. In the target plane their combined electric fields are

E = E:e,{kLl^°  l_“,l) + E2el(kL̂ Cn-'Jt)

where the amplitudes are diffraction limited, i.e. E\ ~  E2 ~  sin y /y  and the 

phases Oi and Oo include those imposed by the RPP. Then the intensity profile 

at the focal plane

/  = \E\2 = 2£? (1 +  cos [*(Ix -  L2) +  (Ox -  Oa)])

consists of high-intensity fluctuations in the transverse direction as the path 

length (Lx — L2) changes.
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A model for the electric field of a RPP beam is an important part of the numerical 

simulation. For this purpose we solve the Maxwell's equations for the free light 

propagation in homogeneous plasma, neglecting at this step the plasma response 

to the field. The derivation of the model for the incoherent pump which we 

have adopted is based on the paraxial optic wave equation that is obtained from 

Eq. (2.88) by using the dispersion relation for the light propagation:

In order to describe the free light propagation, we derive the near field pattern 

for a RPP beam by using it's far field profile. Denoting the size of RPP plate by

D. one introduces N random elements of size d =  D / S  located at

at x0 =  —F /Ir =  — F  [see Fig.(5.3)] and the position of a j- th  RPP element is

y3 = ajD/2.

where

Ckj — — 1 + •

varies in the range of

Qj € [—1 +  1 /.V .1 — 1 /.N ].

We use the dimensionless units

x

y = yao-

(5-1)

(5-2)

where a0 = f a q .  I r  = k0al. and /  = F/D.  In these units the lens is located

expressed as y} = a^D/2  =  Qj(D/oo)/2. Both F  and D are large numbers 3> 1 

and one has D / F  =  2 n .
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The starting point is the desired shape of the far field at the lens:
y

E0{y) = E{y.x  = x0 = - F )  = E0expioIO( j / ) ^ e '^ 5  (J  . (5.3)

where ^  is the phase for the j -th element randomly chosen between 0 and tt: S 

is the echelon function

0 . for  y /d  < —1/2.
S(y) = { for  -1 /2  < y /d  < 1/2.

0. for  y /d  > 1/2.

The phase 0Xo(y) is such that

M y )  = -
dox o

d y

and corresponds to a ray converging at the focal point x = 0. From the geomet

rical relations k_ /kQ =  —y /F  = y /x0. we can obtain an expression for the phase 

as follows

o IO(y)  =  /  k _ { y ) d y  =Jo 2x0
By defining the electric field. E0 via the incident power Pmc =  EqD. the expres

sion for the far field. Eq. (5.3). reads

E ( y . i  = = - F )  = . (5.4)

The solution for the near field close to the focal plane is given by

E{y. x) = j  dy0G{y - y 0.x  -  x0)E(y0. x0 =  - F ) .  (5.5)

where the Green function is given by

. - - . , 1 _ . (y -  yo)2G{y -  y0.x  -  x0) =  ~7= =  exp i— --- — . o.6)
Y2i7r(x -  x0) 2(x ~ xo)

So the general expression for the near field is given by

F( y. x)  =  \ J— ^  €XP { ~ Wj  (^ +  +  (5-7^
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>►D

Figure 5.3: Random phase plate configuration.

where

/w /.V  . y* '
d d e x p ( i 0 £ )  exp —i —  

- ir/.V  2
Here we defined 6 as the ratio

Oj = ~y/io-

d 2x
(5.8)

(5.9)

Note that dj = Qj tt = tan has a meaning of a perpendicular k-vector and varies 

from —7T to - . In the focal plane, i.e. when x —► 0 the function Fv(£.x) reduces 

to

= ^sin  Y  (5-10)

and the final expression for the field near the focal plane is:

F( y . x)  =
iaQ (5.11)

w ith

=  y  +
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5.3 Param eters of th e m odel
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The system of Eq. (2.88) and Eq. (2.91) was solved numerically for plasma pa

rameters close to experimental conditions. The assumed size of the plasma is 160 

laser vacuum wavelengths (A0 =  1 pm) in the longitudinal (x) direction, and 240 

A0 in the transverse (y ) direction. The electron temperature is Te =  1 keV' and 

density ne = 0.1rcc. The ratio T, =  7j/u;, of the damping rate 7, to the angular 

frequency ajs for the ion acoustic waves generated by the backward SBS is set 

to 0.55 in order to maintain the backward SBS reflectivity at experimentally ob

served levels. The standard top-hat model [25] is used for the angular spectrum

of the incident RPP beam:

I cvi. \ |2   /  const . i f  l̂ -’yl ^  km
| i W I  0. i f  \ky\ > k m.

The /-number of an incident beam is defined as

h  = -  1.
where k0 =  2~/X0 (in the simulations / 0 =  4).

Numerical simulations have shown a non-stationary behavior of the electric 

field intensity distribution and of the plasma density perturbations at simulation 

times up to 150 ps. Density channels created by unsteady filaments are found 

to coexist with the ion acoustic waves generated by broad-angle forward and 

backward SBS.

The onset of ponderomotive self-focussing in a three-dimensional (3D) laser 

speckle is controlled by the self-focussing parameter p3£> which is equal to the 

ratio of the beam power contained in a speckle to the critical power for self- 

focussing [22. 16]:
^  cie f  _

P3D “  2 N C^  J  ~ ’

where Nc =  1.86. /  =  |E |2/47rncr e, and the integration is performed over the 

speckle transverse profile. A waist a3o of a 3D speckle can be defined by the
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formula:

“30 =  4 -  /  dS.I.7Tlm J

where Im is the peak speckle intensity. The choice of the constant in the definition 

of a3D leads to a3D = oc for a Gaussian speckle, where ac  is a characteristic 

width of the transverse intensity distribution. I  = / m exp (—r^ /a^). By using 

the speckle waist definition, one can rewrite the self-focussing parameter p3p in 

the form:

P3D = «Tfa3D*2pr (o-12)

where

k o p t  ~  ~7~ y
''O

is the transverse wavenumber. which maximizes the growth rate of filamenta

tion instability [cf. e.g. [11]]. Therefore, the self-focussing parameter p3o is 

determined by the ratio of the speckle waist to the wavelength optimal for the 

growth of linear filamentation instability. In the case of a 3D cylindrical speckle 

produced by a top-hat RPP beam one obtains

2 _  ^  ( 2  \ 2 
a 3 D — 3 /  A 0 -7r

and consequently the self-focussing parameter p3p is given by

p3D = 1.07 Imf 2ne/ n c.

In a two dimensional geometry there is no threshold power for the existence 

of a stationary localized solution for a laser filament [31]. Such a solution takes 

the form

I2D = / m/cosh(y/ar ).

and is localized on a characteristic scale a r  =  V2/kopt. Similarly to the case 

of a 3D speckle, one can define the waist of a 2D speckle (with ID transverse
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direction) as
1

/  dyl.

In the case of the nonlinear stationary solution /2o this definition of the speckle 

waist leads to a2p = aT- We have found that the following parameter. p^D-

For the case of the stationary nonlinear localized solution /2p this parameter p-2£> 

is equal to 1. In the case of a speckle produced by a top-hat RPP corresponding 

to our 2D simulations, one has

“2D =  /■W ‘2.

and consequently the self-focussing parameter is given by

The average intensity of the incident beam q has been varied in our simula

tions in the range of (0.2 — 1) x 1015 W /cm2. Thus, the self-focussing parameter 

(pop) corresponding to an average speckle was varied in the range (0.16 — 0.8). 

Here "average speckle" means a speckle characterized by a peak intensity Im 

equal to the average beam intensity (/). Naturally in the RPP beam there are 

a large number of hot spots with peak intensities larger than (/) [cf. Fig.(5.2)]. 

so that the self-focussing parameter for these hot spots could be larger than

5.4 Spatial and tem poral incoherence

To clarify the concept of temporal coherence consider electric field with a finite 

bandwidth At/. For a finite time interval r  we expect the complex envelope

which is defined in a way similar to p3£> in Eq. (5.12). characterizes the onset of 

self-focussing instability in a 2D RPP beam.

(5.13)

one.
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E(x. t) to remain relatively constant provided r  1 /A ia In other words the 

function E(x. t) and E(x. t +  r) are highly correlated, i.e. coherent if r  is much 

less that the coherence time tc = \ /N v .  But because even' real light source has 

a finite bandwidth, for sufficiently large time delay r  the functions E(x. t) and 

E(x. t + t ) become decorrelated. Similarly considering the spatial coherence, we 

can start with two electric fields E (xi. t) and E(x-2, t) without time delays. VY'hen 

the two points coincide. Xi = X2). the two wavefronts are perfectly correlated, 

but moving the points Xi and x2) apart, some loss of correlation can be expected.

In spectral representation, two fields exhibit temporal incoherence if their 

wave vectors have the same direction but different length. The fields are spatially 

incoherent if the length of their wave vectors is the same, but the direction is 

different.

In order to characterize the spatial incoherence of a propagating beam, we 

have calculated the angle correlation function:

Cr (8.A6) = l - - ?= J ^ ^ d = f— . (5.14)
[\Ee\2}l/2[\Eg^e\2}l/-

where £* is the amplitude of transmitted light electric field propagating at an an

gle 6 with regard to the incident beam direction. The angle correlation function

(5.14) plotted in Fig. 5.4 shows that the transmitted light has a correlation angle 

Bc of a few degrees. Thus, plasma induced smoothing results in a weak correla

tion of the light propagating in different directions, both inside and outside the 

incident beam convergence angle. In particular, the light scattered outside the 

focussing cone is weakly correlated in angle with the incident light. This weak 

correlation between the Fourier components corresponding to different propaga

tion directions, together with the Gaussian nature of its statistics, confirm that 

the transmitted beam behaves as a generic RPP beam with an effective f-number.

In order to characterize the temporal incoherence of the propagating beam.
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Figure 5.4: Angle correlation function of the transmitted light propagating at 
angle 6 =  10° for three time intervals with the interval center at T  =  33 ps 
(solid line). 66 ps (dashed line). 100 ps (dotted line): the averaging time interval 
A t — 27 ps. the average beam intensity 0.7 x 10l0 W /cm2.

we have calculated the time correlation function of the electric field amplitude 

at the rear boundary of the plasma:

f d t E e ( t - T / 2 ) E ; ( t  +  T/ 2)
(5.15)

f  d t Ee ( t ) Eg( t )

where the integrals are taken over the time interval [T — At/2, T  + Af/2]. Time 

correlation functions (5.15) are shown in Fig. 5.5 for three different time periods. 

They decay with time r. indicating that E{t) is an incoherent process. The cor

relation time. rc. defined as half width half maximum of the correlation function 

absolute value, decreases with T. and is comparable to the inverse of the trans

mitted light temporal bandwidth. rc ~  A^;-1. It is found that the correlation 

time depends on the propagation angle. It is much smaller for large angles, out

side the incident beam convergence angle, than within it [cf. Figs. 5.5(a).(b)]. 

We attribute this result to multiple stimulated forward Brillouin scattering. In 

particular, at late time ~  100 ps the temporal bandwidth of the light transmit

ted outside the incident beam cone reaches values on the order of kQcs, which is 

consistent with the correlation time rc ~  l/(fcoCj) as 0.6ps [cf. Fig. 5.5(a)]. The
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Figure 5.5: Time correlation function of the transmitted light propagating at 
angle 6 = 10° (a) and angle 0 = 0° (b) for three time intervals with the interval 
center at T  = 33 ps (solid line). 66 ps (dashed line), and 100 ps (dotted line); 
the averaging time interval A t = 27 ps. the average beam intensity 0.7 x 1015
W /cm 2.

correlation time is in good agreement with the theoretical predictions derived in 

the next section, namely rc ~  where f L is the effective f-number for the

transmitted light.

5.5 Laser beam  effective f-number

To explain the changes of the beam structure as reflected in the evolution of 

its parameters we introduce the following definition of an effective laser beam 

f-number assuming that corrections ~  1 /4 /2 <§C 1 can be neglected. According to

[22], the hot spot longitudinal size, ~  / 2, and the transverse size, ~  / .  The 

proportionality factors depend on the transverse profile of the speckle and on the 

spatial dimensionality of the model. We have calculated the average transverse, 

(/_). and longitudinal. (/j|). hot spot size as functions of time and introduced two 

time-dependent effective f-number. namely.

/[ !« )=  W('!l>(')/<'ll>(0). (0.16)
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Figure 5.6: Variation of the laser RPP beam effective beam /-numbers f ± 
(dashed line) and / j  (solid line) in time for the average beam intensity 0.7 x 1015 
\V/cm2.

and

/ A t )  = fo(L)( t) /(L)(0).  (5.17)

The averaging has been performed over the hot spot ensemble obtained in the 

numerical simulations. A contour plot of the field intensity in a part of the 

simulation region is shown in Fig. (5.2)(a). The hot spots have been identified 

as well-separated local maxima of the field intensity in a plasma volume.

The temporal dependence of the effective f-number (calculated for the rear 

half part of the simulation region) is presented in Fig. (5.6). The two effective 

f-number have similar values and both decrease in time. The effective f-number 

calculated from the average longitudinal hot spot size. / 1, is up to 30% smaller 

than the f-number calculated from the average transverse hot spot size, / x - This 

difference is due to the change of hot spot orientation in space caused by plasma 

smoothing. It can indeed be seen on Fig. (5.7) that many hot spots are oriented 

not exactly along the direction of beam propagation (the z-direction), but at an 

angle up to 15° that is consistent with the beam angular spreading. For such a 

hot spot ensemble, the average hot spot size in the x-direction is smaller than
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Figure 5.7: The distribution of laser field intensity at time 50 ps for the average 
beam intensity 0.6 x 1015 W /cm2.

the average hot spot size in the direction of its orientation. After accounting for 

the change in hot spot orientation one can conclude from Fig. (5.6) that the 

hot spots preserve their shape while their size decreases. Therefore, it is possible 

to characterize the light beam structure in the plasma by one parameter only, 

that we choose to be f  — / x . because it is less affected than J\\ by the hot spot 

orientation. Inside the plasma the effective f-number changes gradually from 

/  =  /o at the entrance boundary to /  = f L at the rear boundary.

Together with the effective f-number. the hot spot volume. ~  / ° ^ 1. decreases 

with time, so that the number of hot spots per unit volume. ~  1 / / D+1. is ex

pected to increase with time (here d denotes the spatial dimensionality). We 

have checked this result numerically.

5.6 B eam  angular spreading

In the case of a linear propagation of a RPP beam, the angular width of the trans

mitted light is inversely proportional to the f-number of the beam (0) ~  1/ / l- 

We have checked numerically that this property still holds when the transmitted
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Figure 5.8: Dependence of the angular width of the transmitted light < 9 > at 
time T  = TOps on the average intensity of the incident beam.

beam is smoothed due to its nonlinear propagation in the plasma. The angular 

spreading has been negligible for intensities smaller than 0.4 x 1015 W /cm 2 (corre

sponding to an average self-focussing parameter (p2o) < 0.3*2). and. accordingly, 

the f-number has not changed in time. For larger beam intensities, the angular 

beam spreading increases with intensity [cf. Fig. (5.8)]. the length of the plasma, 

and time. At our maximum intensity, which corresponds to (p2d) =  0.8. the an

gular width of the transmitted light increased by a factor of 2.5 at time ~  70 ps 

and continued to increase during the entire simulation time t .

A typical temporal evolution of the intensity of transmitted and reflected 

light is shown in Fig.(5.9). The series of time snapshots shows a large angular 

spreading of the transmitted light and a virtual dissapearance of the reflected 

part. Fig. (5.10) summarizes these results for the duration of the simulation. 

Fig. (5.10) (a) shows an almost linear increase of the angular width, (6), of

fThe angular spreading and the frequency shift of a RPP beam in 2D numerical simulations 
has been reported in Ref. [26] within a paraxial model of light propagation. The explored range 
of the self-focussing parameter there was close to ours, but the angular width of the incident 
beam was much smaller. Different from the paraxial simulations of Ref. [26], we have modeled 
the large angular spreading of a RPP beam up to angles of 30 -  40 degrees off the incident 
beam direction, where the validity of paraxial approximation becomes questionable.
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the transmitted light. The angular width (0) is defined as the full width of the 

central part of the spectrum that contains 76% of the electromagnetic energy. It 

is equal to the full width half maximum for a Gaussian distribution. The power 

reflected by the plasma due to backward SBS (solid line in Fig. (5.10)(b)) at 

first increases with time, reaches its maximum at time ~  10 — 20 ps, and then 

gradually decreases. One additional parameter is extracted from the data and is 

shown in (Fig. (5.10)(b)). namely the intensity of the transmitted light within 

the initial beam cone (dotted line in Fig. (5.10)(b)). As we see, it decreases with 

time.

5.7 Hot spot statistics

Another important characteristic of a spatially incoherent laser beam is the dis

tribution function of the peak intensities in hot spots. This function plays a 

fundamental role in theoretical predictions concerning self-focussing and SBS 

[22. 23. 24j. The number of hot spots with peak intensities above a given in

tensity /  per unit volume is described by the abundance function. M{I). For

Gaussian statistics of hot spots, the abundance function has the form [7]:

Mg = NXq D f ~ D~luD/2 exp ( — u). (5.18)

where

u =  / / ( / )  »  1. (5.19)

and N  is a numerical factor. In Fig. (5.11) we plot the abundance function 

.1/(7) normalized to A/(2(/)). Fig. (5.11) shows that the abundance function 

from numerical simulations, A /(/)/A /(2(/)) (solid line), which can be well fitted 

by the corresponding Gaussian prediction A/G(/)/.Y/G(2(/)) (dotted line). Thus, 

the transmitted light, smoothed during its nonlinear propagation through the 

plasma, can be characterized by the same Gaussian statistics as a generic RPP
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Figure 5.9: Typical evolution of beam spreading in different moments of time:
(a) 14ps. (b) 58ps. (c)116. (c) 211ps. The average beam intensity is 0.7 x 1015 
VV/cm2.
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Figure 5.10: Variation of the laser RPP beam parameters in time for the average 
beam intensity 0.7 x 10l0 VV/cm2: (a) angular width of the transmitted light: 
(b) fraction of the incident beam power: transmitted (dashed line), transmitted 
into incident beam convergence angle (dotted line), and reflected (solid line):

beam with the effective f-number. Our interpretation of this result is the follow

ing. At the initial stage (taking about 20 — 30 ps) filaments form in the front part 

of the plasma, due to trapping of high intensity laser light in density channels. 

Filaments become unstable and evolve into non-stationary. smaller size filamen

tary structures, which are the result of coupling between self-focussing and for

ward SBS instabilities [21. 6]. These non-stationary structures consequently emit 

scattered waves in a temporally incoherent way. The plasma induced laser beam 

incoherence results in the random distribution of hot spots obeying Gaussian 

statistics with reduced f-number and additional temporal incoherence.

5.8 Random  Phase Approxim ation

In order to compute the forward SBS gain corresponding to a collective process, 

we use the standard Random Phase Approximation (RPA) technique [19, 20], 

because the Fourier components of the electric field in the propagating beam are 

weakly correlated, i.e. the correlation angle 9C is much smaller than the incident 

beam convergence angle 26inc as seen in our simulations in Fig. 5.4. Contrary
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Figure 5.11: Normalized abundance of hot spots M {I) /M {2(7)) versus hot spot 
maximum intensity for the average beam intensity 0.7 x 1015 W /cm 2 at time 
70 ps in the simulations (solid line) compared to the theoretical formula for the 
Gaussian speckle statistics Mg(I) (dashed line).

to backward SBS. the forward SBS involves growth in several independent hot 

spots.

For our parameters 2dinc ss 15° while 9C % 5°. The correlation time of the light 

propagating within the incident beam cone is much larger than for scattered light 

[cf. Figs. 5.5(a).(b)]. Therefore the incident field amplitude can be considered 

as stationary.

We derive the RPA formula for the forward SBS growth rate in the limit of a 

single scattering process. In the linear regime of forward SBS. the field amplitude 

E  can be represented as a sum of an incident field amplitude. E q, and of a small 

perturbation. E x. Linearizing Eqs. (2.88). (2.91) and Fourier transforming in 

the transverse (y) direction, one obtains the following equations for the Fourier 

components of the scattered wave E i(u,\ ky) and the ion acoustic wave X(yj. ky):
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Equation (5.20) is written within the paraxial approximation, and the term with 

a small longitudinal component of the ion acoustic wave vector (~  *2) is neglected 

in Eq. (5.21). Following the RPA technique, the ensemble average of the pump 

field amplitude product E0(*i)£o(*2) is approximated by a d-function :

(EoikJEZikt)) = |E0(*i)l2Mc<f(*i -  k2).

By proceeding this way. one obtains the following equation for the intensity of 

the scattered wave Fourier component |Ei(»j./i:y)|2 :

d |£ l(; ' ' * v)|i = I£ i(-*••■ , DcJ^ .ky ) .  (5.22)dT  ̂n,yj 1 -  n,!nc

where

JU .ky )  = f ---------------- I m - ----- , v2J ky 2k ^ f 3 ( .------ 77 ^ .  (5-23)J 167rncTe (ky — k')2c* — u;2 -  2i~f3{ky — k')uj

and *<s(k ) is the ion acoustic damping rate for the forward SBS (->,(£) = 0.08|*|ca 

in our simulations). The integration in Eq. (5.22) has to be performed with 

respect to the transverse components of the wave vectors. The pump beam 

intensity spectrum can be approximated by the usual "top-hat” form:

|2>/2k26ceinc. i f  |*| < M i.= |  <iE“i£ “(t)  o. i f  1*1 > M ,
tnĉ
m e

Equation (5.22) describes the convective amplification of the scattered wave along 

the direction of the incident beam propagation: |Ei(u,’.*y)|2 ~  exp(G /). The 

forward SBS gain factor G/  corresponding to amplification over the length L 

reads:

Gf = L ^ - ---- 0c J(a!,ky). (5.24)
^  ncyj 1 -  ne/ n c

There are two reasons for the angular spread of the scattered light: the natural 

width of the ion acoustic resonance and the angular spread of the pump field.
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The latter dominates, if '2k09inc ;» 73(k)/c,. In this limit, the forward SBS gain 

factor in Eq. (5.24) can be estimated as follows

-  ne u; <|Eo|2)
C f  =  —L  . —-------—-------—. (o.2o)

Hc^/l — Tle/ n c -Qincca l6^TlcTe

where the frequency shift. belongs to the interval

u,' € [ZiyCj k()9{ncCs. kyCs ■+■ &0̂ tn<T*].

The maximum of the gain corresponds to the maximum of the frequency shift,

hence the angular spreading increases the red shift of the transmitted light.

Result (5.25) corresponds exactly to the well-known RPA result, namely

G f  =  2 - ~ o ~t c L / vc .

in which

vc =  1 -  n e/ n c.

and the correlation time rc is given in terms of the sound wave temporal band

width Au,', by t c = l /A ^ v  with Aa,^ = k0c a/ f 0.

In order to check the validity of this single forward SBS description, we have 

computed the average frequency shift

<->(0) = J(L; \E i{u; .ky) \2

of the transmitted light with ky =  fc0 sin 9. in which the intensity of the scattered 

light |Ei(u;. ky)\2 was obtained numerically using Eq. (5.24). The results are 

compared with the frequency shift from the simulations at time up to 70 ps 

[see Fig. 5.14]. For scattering angles smaller than 10°. the linear ion acoustic 

frequency ^i{6) is small compared to the red shift A ^,. so that the average 

frequency (u.) does not depend much on the angle 9. On the other hand, for 

scattering angles smaller than 10°. the transmitted light involves contributions
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from both the incident pump intensity and the scattered radiation, so that the 

comparison with the analytical result (5.24) involving only the scattered light 

should not be made in this range of angles. We shall therefore consider only 

angles larger than 10° in the discussion that follows.

5.9 Spectral shift o f the transm itted  light

The transmitted light frequency spectra in our simulations are broadened and 

red shifted, as observed in the experiments [17. 12. 36] and previous numerical 

results [5. 26]. Figures (5.12).(5.13) shows an example of frequency spectrum of 

the transmitted light for the average laser intensity 0.7 x 1015 W /cm 2. and /o  = 4 

RPP beam, corresponding to (pop) = 0.56. All light propagating in the forward 

direction has been collected and contributes to Fig. (5.12)(a). The increasing 

width and red shift of the spectrum are consistent with the angular broadening 

of the transmitted light described before [cf. Fig. (5. I ,] ' )]. At early times, 

up to 20 — 30 ps. the unshifted component in the frequency spectrum [cf. Figs. 

(5.12)(a).(b)] is dominant. During this time, the spectral width is about 0.25fc0c4. 

It corresponds to the transient plasma response to the initial RPP beam, when 

the plasma density fluctuations build up due to the ponderomotive force. After 

this initial period of time, the high intensity hot spots form nonlinear filaments 

which subsequently undergo the filament instability. It results in the formation 

of dynamical filamentary structures accompanied by the generation of a broad 

spectrum of ion acoustic and scattered electromagnetic waves.

From the frequency spectra of transmitted light we have obtained the depen

dence of the frequency red shift on the propagation angle. u/(0). For an average 

beam intensity below 0.6 x 1015 W /cm2. the frequency shift is in good agreement 

with the forward SBS in the weak coupling regime. In this regime the frequency
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shift .̂'(0) is given by the three-wave resonance condition.

^i{9)  =  2k0cs sin (|0 |/2 )^ l -  n e/ n c.

For larger incident beam intensity, the frequency shift of the light scattered 

outside the focussing cone is up to 1.5 times larger than the weak coupling 

prediction (see Fig. (5.14)). This feature of the frequency spectra is also

experimentally observed [17].

The forward SBS from a single hot spot cannot explain these results. Indeed, 

in the transient regime of SBS growth, t < Xof /c,. the gain in a hot spot is given 

by the formula [5] :

Gh., =  2'-o \ J lh a t fc .

where

'-o =  { \  /  A ) \ J n ej  nc.

is the homogeneous SBS growth rate and lhs is the hot spot length in the direction 

of the scattered wave propagation.

/fcl = min{/||.Ao//s in |0 |} .

Hence the maximum gain in a single hot spot is proportional to the f-number. 

and for the parameters of our simulations it cannot be much larger than 1. 

Therefore, one has to consider a collective process of forward SBS, in which the 

light amplification takes place in a domain larger than a single hot spot.

For a moderate pump intensity of 0.7 x 1013 W /cm 2 (corresponding to an 

average self-focussing parameter (pin) =  0.56). the frequency shift (ui) deviates 

by up to 309c from the three wave resonance condition result u,’j. The agreement 

is reasonable between the single scattering analytical predictions and the simula

tions at early time (until approximately 70 ps), and for scattering angles outside 

the original divergence of the beam.
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Figure 5.12: The frequency spectrum of transmitted light as a function of time 
and frequency u;t for: (a) all scattering angles 9, (b), |0| < 10°. The averaging 
time interval is 35 ps. The average beam intensity is 0.7 x 1015 W /cm2.
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Figure 5.13: The frequency spectrum of transmitted light as a function of time 
and frequency x t for: (c) 10° < |0| < 20°, (d). |0| > 20°. The averaging time 
interval is 35 ps. The average beam intensity is 0.7 x 1015 W /cm 2.
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The frequency shift [cf. Fig. (5.12). (5.13)] becomes noticeably larger at 

later times (larger than 70 ps), especially for large angles 20° — 25°. We attribute 

this result to multiple forward SBS. At the time t > 70 ps, the light scattered 

by the primary forward SBS can itself drive a secondary forward SBS wave, as 

can be seen from Figs. (5.13)(c).(d). In Fig. (5.13)(d) the first maximum (the 

least red shifted) corresponds to the primary forward SBS with frequency uJi(9\). 

where 9\ % (20 — 30c). The primary scattered wave has frequency % 0.3Ar0cs 

[cf. Fig.(5.13)(c)]. The secondary ion acoustic wave involved from scattering 

from the primary scattered wave to secondary scattered wave may have a wave 

vector k =  (0.6 — 0.7)kQ and frequency shift ^  =  (0.6 -  0.7)fcocs. Adding up the 

frequency shift for the primary and the frequency for the secondary' ion acoustic 

waves, gives a frequency shift of about (0.9— 1.0)/r0c3. consistent with the second 

maximum in the spectrum of the simulations [cf. Fig.(5.13)(d)]. The second 

maximum (the most red shifted) results from the secondary forward SBS of the 

waves primarily scattered in the angular domain 9 ss (10° — 20°), which is the 

preferential angular domain where the primary scattered waves are emitted [see 

Fig. (5.13)(c)].

It is also found that for a beam intensity of 1015 W /cm2. corresponding to a 

self-focussing parameter (/>2d) =  0.8. the frequency shift of the transmitted light 

is larger than for the intensity 0.7 x 10l° W /cm2 [cf. Fig. (5.14)]. This result 

can also be interpreted in terms of multiple scattering: the forward SBS gain is 

larger for higher beam intensity, so that the regime of secondary scattering can 

be reached faster in space (as a function of the longitudinal coordinate x) and in 

time.

Consequently, based on numerical simulations, we come up to the following 

scenario: (i) at a time of about 20 — 30 ps. the instability of filaments give rise, 

in the front pan of the plasma, to non-stationary filamentary structures, which
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generate incoherently forward SBS in a broad domain of propagation angles; 

(ii) these waves, emitted in the front part of the plasma, serve as a seed for 

an incoherent spatial amplification of forward SBS. which gives rise to an angu

lar and spectral broadening of light during its propagation through the plasma. 

In particular, it produces red-shifted light, corresponding to propagation angles 

outside the incident beam cone (in the range 10° — 20°. see Fig. (5.13)(c)). to 

the transmitted light. This process depends on time and space the angular and 

spectral width are increasing functions of time and of the longitudinal coordi

nate x. In real space, this incoherent spatial amplification changes the speckle 

size and the correlation time that both decrease with time and with x. This 

process explains why the effective f-number keeps decreasing with time and x, 

even in spatial domains where the speckle size is too small for self-focussing to 

take place. Indeed, the reduction of the hot spot size along the direction of beam 

propagation implies that the hot spots can self-focus only in the front part of 

a plasma, where the self-focussing parameter p?o ~  f  2 has not decreased sig

nificantly. The observation in our simulations that beam spreading continues in 

the rear part of the plasma, when the self-focussing parameter p^D is smaller 

than the filament instability threshold, is therefore another indication that it is 

the collective forward SBS process which is responsible for angular and spectral 

broadening. In the case of high laser intensities, the scattered waves become 

unstable with regard to secondary* forward SBS.

The frequency spectra of the transmitted light has been studied for various 

scattering angles in order to distinguish between different processes that can take 

place in the plasma. At early times, ~  20 — 30 ps, the unshifted component in 

the frequency spectrum is dominant. This is the time period when the speckle 

self-focussing takes place. After about 30 ps, the red-shifted component of the 

frequency spectrum increases rapidly due to forward SBS.
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Figure 5.14: Angular dependence of the frequency shift of transmitted light for 
P/Pcr =  12 and 1.7 compared with the linear theory result (dashed line).

The frequency spectra integrated over the whole simulation time were used 

to obtain the dependence of the frequency shift on the propagation angle. u;(9). 

that is shown in Fig. (5.14). For small incident beam intensities, P/Pcr < 1. the 

frequency shift *j(9) is in good agreement with the forward SBS in the regime 

of weak coupling. u,'i(0) = 2Ar0c, sin(0/2). For larger incident beam intensities, 

P/Pcr > 1? the frequency shift of a light scattered outside the focussing cone is 

up to 1.5 times larger than the forward SBS frequency shift uii(O). This feature 

of the frequency spectra is similar to what is observed in experiment [17].

We interpret the frequency spectra as a signature that RPP beam experi

ences the instability of high intensity hot spots coupled to the supersonic ion 

density perturbations [34. 33. 6. 21]. A new fast growing resonant instability 

of an elementary filament with P/Pa. ^  1 has been found recently [21]. This 

instability is due to the excitation of higher order filament eigenmodes. In our 

simulations the average power of RPP beam is about critical, but there are some 

intense hot spots where conditions for the resonant filament instability are sat-
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isfied. The instability of high intensity hot spots can generate a broad spectrum 

of non-stationary density perturbations, that interact with moderate intensity 

hot spots, thus changing the statistical properties of the whole laser field distri

bution in the plasma. The growth rate of the resonant filament instability [21]

coupled regime. This estimate is consistent with the numerical results for the 

width AaJ of the frequency spectrum of the transmitted light for different propa

gation angles 9. The corresponding correlation time rc = 1/Au; ~  0.6 ps for our 

parameters.

Plasma induced smoothing results in modification of backward SBS, which grad

ually decreases in time [cf. solid line in Fig. (5.10)(a) and Figures (5.9)]. This 

reduction of backward SBS reflectivity is partly due to the speckle size short

ening, and partly due to the temporal incoherence. In order to understand the 

effect of the speckle size, it is sufficient to notice that the backward SBS gain in 

a single hot spot is proportional to the product of the maximum intensity and 

the speckle length[23]: Gb ~  //||. Thus, to maintain a given SBS reflectivity, 

the laser intensity has to be increased if the speckle length decreases. As the 

number of speckles having a given intensity /  is a decreasing function of I. the 

total reflectivity is also a decreasing function of the speckle length.

To estimate more precisely the effect of speckle size reduction on the average 

SBS reflectivity, we follow the arguments developed in Refs. [23, 29] for a RPP 

beam, and assume that the speckle statistics is approximately Gaussian. In 

this limit the average reflectivity per unit of length in the direction of beam 

propagation is given by:

is of the order of kQcs. and is larger than the SBS growth rate in the strongly

5.10 R eduction o f backward SBS

j  duup(u)Rb{(I)u) (5.26)
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Here Rb(I) is the reflectivity from a single speckle, and p(u) ~  —d M /d l  is 

the intensity probability distribution function. For hot spot statistics close to 

Gaussian and u »  1.

p(u) = a u D/2 exp ( — u).

where a  is a numerical factor. Following [23]. we assume that Rb is an exponential 

function of the gain, e • exp (Gb). for R < R sat, and that it saturates at the level 

Rsat  ~  1- Since Gb is a linear function of the intensity and of the speckle length. 

Gb =  u/||//crtt< one readily sees from Eq. (5.26) that above the SBS threshold. 

l\\ > lent- the dominant contribution to the average reflectivity comes from the 

speckles with saturated backward SBS

~  ^  In(Raat/e).
Ml

Evaluating the integral in Eq. (5.26) one finds the following formula for the 

reflectivity per unit length:

^7^ = / l'nTff' Vl “”*/2"2 eXP ( ) • (5‘27)d x  'crit Itl \ R s a t / 0

As the parameter um is inversely proportional to the speckle length, the reflectiv

ity per unit length decreases with the decrease of /j| if the inequality um > 2+d/2  

is satisfied.

For the plasma parameters relevant to our simulations shown in Fig. (5.10), 

e =  10~6. R 3at ~  1. l\\ =  64A0, and

lerxt = 0.8r3N/ l  -  ne/ n c A0 (nc/ n e(I )) ss 15A0,

and the value of um in the front part of plasma u£,r£m* as 3. The value of um

in the rear part of plasma increases with time because um ~  1 // 2, and at time

~  100—130 ps it reaches u " ar as 12. Correspondingly, the effective length for the 

backward SBS decreases, so that at late time only the front part of the plasma.
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within a domain of the order of one Rayleigh length, contributes to backward 

SBS. For example, in the simulation results shown in Fig. (5.10), the reflectivity 

at the late time ~  100 — 130 ps is about 2 times smaller than its peak value at 

the early time (~ 20 ps). The decrease of reflectivity in simulations is consistent 

with the following formula obtained from Eq. (5.27):

where (dum/dx)\ti tr0nt increases in time due to the decrease of the speckleUm —
length /i|.

Temporal incoherence is also an efficient mechanism to reduce backward SBS. 

According to Ref. [3]. a correlation time as short as 1 ps is able to reduce the 

SBS reflectivity by several orders of magnitude. As the plasma induced temporal 

incoherence takes place in the same spatial domain as the speckle size reduction, 

we may conclude that after some transient time, backward SBS could develop in 

the front part of plasma only, due to onset of plasma induced incoherence in the 

remaining part of the plasma.

{R)  I c r u M R ' a t / t )
(5.28)
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Chapter 6 

Two crossed R P P  beams

The studies of laser plasma interaction physics in preformed plasmas with crossed 

beam illumination have two important applications: understanding the poten

tial energy exchange mechanisms between the crossed beams, and providing new 

insight into the evolution of parametric instabilities under well controlled exper

imental conditions [2. 15. 12].

Particularly the energy transfer between crossed-beams has received a close 

attention because it can destroy the carefully designed energy balance between 

the multiple laser beams in the ICF experiments, thus affecting the symmetry 

of a pellet illumination [16]. So far. experiments [10. 24] have shown modest 

energy transfers, in apparent agreement with stationary theory predictions [11]. 

Kirkwood et al. [10] observed a small energy exchange between two crossed 

laser beams with different frequencies. The energy transfer was mediated by the 

resonant ion acoustic wave generated by the optical mixing of the twTo beams. 

Wharton et al. [24] obtained similar results to [10] with two equal frequency 

crossed beams interacting in a flowing plasma. Due to the Doppler shift, the 

frequency of the ion acoustic wave generated by the beating of the two beams 

was zero in the laboratory frame, thus allowing for an energy transfer between 

the beams via the resonant scattering on this ion sound wave.

In this Chapter, we describe numerical simulations motivated by the experi-

161
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mental observations showing a large angular beam spreading, spectral broadening 

and red shift of the transmitted light for two equal frequency crossed beams in

teracting at 22.5°. A broad frequency spectrum and large angular spread of the 

transmitted light have already been observed in single beam interaction exper

iments [25. 23. 19] and these effects were related to the plasma-induced laser 

beam smoothing. As we discussed in Chapter 5 the latter involves the self- 

focusing instability of speckles containing more power than the critical power for 

self-focusing, and the subsequent dynamical evolution of laser filaments, coupled 

to forward SBS [20]. In the case of single beam experiments, plasma self-induced 

smoothing gives rise to angular broadening, spectral broadening and red shift of 

the transmitted light [22. 17]. which have been clearly observed in experiments 

[13. 25. 23. 19] and described in numerical simulations [7. 22]. In the case of 

the crossed beam illumination considered here, plasma self-induced smoothing 

is found, in addition to these single beam effects, to dramatically enhance the 

large angle forward SBS by which the energy of one beam can be transferred to 

the other.

The content of this Chapter is organized as follows. In Section 6.1 we de

scribe the set of experiments that formed the basis for our numerical simulations. 

In section 6.2 we present the model for the crossed laser beams and the typical 

parameter sets of the simulations. Next, in Section 6.3 we show the time evo

lution of the system characteristics like beam power and angle between beams 

for crossed beam with equal intensities. The frequency spectra of the transmit

ted light is discussed in greater details in Section 6.4 and a close comparison 

between experiment and simulation is performed. Density fluctuation spectra 

for the same case are presented in Section 6.5. Section 6.6 contains results for 

crossed beams with colors in the case of beams with equal intensities and beams 

with different intensities.
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6.1 Crossed beam s in experim ents

The experiments [13] that were used as a basis for our numerical simulations were 

carried out on the 6-beam LULI facility at Ecole Polytechnique. Three 0.53 /im 

beams were used to preform and heat the plasma from a thin exploded plastic 

foil, two 1.053 //m beams as interaction beams, and one 0.35 /im beam as a probe 

beam for Thomson scattering diagnostics. The interaction beams (labeled 1 and 

2. respectively, in the present text) had identical characteristics. They were 

focused with / / 6  lenses through random phase plates, producing a focal spot 

diameter of 320 /im (containing 62% of the total energy), and maximum average 

intensity of 8x 10l3\V/cm2. The angle between the two beams was 22.5°. The 

main diagnostic of these experiments was a spectrometer coupled with a streak 

camera providing time-resolved spectra of the light collected along the forward 

direction of beam 1. The light was collected with an / / 4  lens, off-axis from beam 

1 by 3°. The collected signal included the transmitted light contained within the 

focusing cone of beam 1. and the forward scattering light with scattering angles 

extending up to 11° from the beam 1 axis. The spectral and temporal resolutions 

were 0.5 x 10-8cm and 20 ps. respectively. Fast photodiodes were used to measure 

the absolute forward energy.

The plasma wras preformed by irradiating a thin micro-disk of plastic with 

two 0.53 /im beams from each side. 2 ns before the interaction beam arrival. A 

third 0.53 /im beam was used to heat the plasma before the interaction. The 

initial foil thickness and laser energies wrere chosen in such a way that the foil 

had exploded a short time before the arrival of the interaction beams. The 

plasma was characterized by monitoring the spatial and temporal evolution of the 

o/2uj emission, generated by the 3a; probe beam scattering off the ui/2 plasmon 

produced by the two plasmon decay of the interaction beam. This harmonic 

emission provides information on the position of the quarter-critical layer as
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a function of time. The electron temperature was measured using Thomson 

scattering from ion acoustic wave fluctuations without any interaction beams, 

and was found to be 0.5 keY.

The main diagnostic of these experiments was a spectrometer coupled with 

a streak camera providing time-resolved spectra of the light collected along the 

forward direction of beam 1. The light was collected with an / / 4  lens, off- 

axis from beam 1 by 3°. The collected signal included the transmitted light 

contained within the focusing cone of beam 1. and the forward scattering light 

with scattering angles extending up to 11° from the beam 1 axis. It was checked 

by using masks that most of the light transmitted in the forward direction of 

beam 1 was collected this way. The spectral and temporal resolutions were 

0.5 x 10_8cm and 20 ps. respectively. Fast photodiodes were used to measure 

the absolute forward energy.

Figure 6.1 shows time-resolved spectra of the transmitted light collected by 

the optics located along the direction of beam 1 as described above when both 

beams. 1 and 2. have equal average intensities. The spectrum is illustrated in 

more detail by three cross-sections at different times. The first cross-section 

shows a spectrum containing essentially an unshifted component of the trans

mitted light. After a transient period there is a sudden onset of a broad red 

shifted component as shown in cut 2. Cut 3 illustrates an equally broad spec

trum at a later time. In both the cases 2 and 3 corresponding to times past the 

initial transient, the main part of the transmitted signal lies in the red shifted 

components.

6.2 Pum p m odel

Our simulations are based on the results obtained in Chapter 5 and extend 

previous crossed Gaussian beam studies [6] to the case of two RPP beams. The
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Figure 6.1: Time-resolved spectra of the transmitted light collected in the ex
periment by the optics located along the direction of beam 1. when both beams. 
1 and 2. have equal average intensities.

twTo incident laser beams are initialized in the plasma at time T  =  0. Following 

the experimental setup described in the previous Section, both beams have the 

same structure of the electric field. [cf.Eq. (6.2)]. but different random phase 

realizations o (l-2) [see Fig (6.3)(a) and (b)]. The beams are symmetric with 

regard to the j-axis and the angle between the axes of the beams was chosen 

to be 2 q  =  24°. To obtain the structure of the summary field we extend the 

model developed in Section 5.2 by adding a rotation factor e~tay to the solution 

to account for the different directions of the crossing beams. The summary field 

in the focal plane has the form [cf. Eq. (5.11)]:

where

Aj{y.x) =
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Figure 6.2: Layout of the interaction region between beam 1 and beam 2. 

and

Sj = y +  0J -r-

In the first series of simulations the amplitude coefficient of the primary beam 

was kept constant Ei = 1. and the relative intensity of the secondary beam 

varied E2 =  0.2.0.6.1.

The boundary conditions are imposed at the left boundary, x =  0. and cor

respond to a sum of two RPP beams focused in the middle of the computational 

box. The size of the box is 240 x 160 laser wavelengths [cf. Fig.(6.2)]. Figure 

(6.3) (c. left) shows the intensity cross section at best focus position for the 

summary beam for the case where each of the constituting beams had /  = 8. 

It is clearly seen the effect of the interference leads to a much smaller scale of 

the perpendicular size of the hot spots. The same holds for their longitudinal 

size as illustrated by the intensity contour plot on Fig.(6.3) (c. right). The elec

tron temperature. Te. and electron density. ne. used in our numerical simulations 

were: Te =0.5 keV. ne =0.3nc.
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Figure 6.3: Intensity cross sections and the corresponding intensity contour plots 
of the crossed RPP beams at time T  =  0 for (a) beam 1, (b) beam 2 and (c) sum 
of beam 1 plus beam 2.
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Figure 6.4: Time profile of the laser beam intensity imposed on the left boundary 
of the computational box. x  = 0.

6.3 Evolution in tim e

The simulations were carried out over 300 ps. and they model the central part 

of the laser pulse duration in the experiments. The laser beam intensities were 

ramped in time, in order to account for the laser time history. The time profile 

of the laser pulse was built on the basis of the profiles used in the experiment 

and is given on Fig.(6.4). The maximum average intensity of each RPP beam 

was I  =5.4 xlO13 VV/cm2 and was reached at time ~  170ps. The very beginning 

and the very end of the pulse duration was neglected, because the intensity was 

not high enough (< 2.6 x 1013U'/cm2) to significantly perturb plasma.

Following the diagnostics, developed in the previous Chapters, we calculated 

the far field brightness distributions in time in fonvard and backward directions. 

A typical temporal evolution of the intensity of transmitted and reflected light is 

shown in Fig.(6.5). The series of time snapshots shows a large angular spreading 

of the transmitted light for each beam and a virtual disappearance of the reflected 

part [cf. Fig.(5.9)].

We follow the dynamics of the process by summarizing the snapshots in time
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Figure 6.5: Typical evolution of beams spreading in different moments of time: 
(a) Ops. (b) 102ps. (c)205ps. (d) 300ps. The two laser beams have equal average 
beam intensity of /  =  5.4 x 10l3ir /c m 2 and /  = 6: n /n c =  0.3.
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in Fig. (6.6) (a) shows the balance of power between the two crossing beams of 

the same intensity. One can see that the amount of reflected light decreases after 

time ~  150ps.

As for the transmitted light. Fig.(6.5) shows the spreading of each of the 

crossed beams. Fig. (6.6)(c) shows an almost linear increase of the angular 

width. (9). of the transmitted light from 7° to 14° (by 7°) that is consistent with 

the increase of the angle between the beams, if angular spreading of the beams 

occurs in the outward direction. As before, [cf. Chapter 5] the angular width

(9) is defined as the full width of the central part of the spectrum that contains 

76% of the electromagnetic energy. It is equal to the full width half maximum 

for the equivalent Gaussian distribution. The angular spreading of the crossed 

beams is a very important feature and it will be discussed to a larger extent in 

the next Section.

Figure (6.6)(b) shows the angle between the crossing beams as a function of 

time. The angle between the incident beams is about 25° and the angle between 

transmitted beams at late time ~  300ps is about 32°. Comparing angular spread

ing, Fig.(6.6)(c). and the increase of the angle between beams, Fig.(6.6)(b), one 

can conclude that beam spreading occurs mainly in outward direction. This cor

responds to the results of Chapter 5 that the gain of the forward SBS. Eq. (5.25). 

is higher for larger wave vectors of ion acoustic waves excited by the RPP beams. 

In the geometry of two crossed beams, the largest wave vector of ion acoustic 

waves corresponds to scattering between outward regions of the incident beams.

The next section will show that the red-shifted component in the frequency 

spectra is mainly due to the light coming from outside the initial beam cone.
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Figure 6.6: Time evolution of crossed beams with equal intensities, (a) transmit
ted and reflected light for beam 1 (solid line) and beam 2 (dotted line), (b) change 
of the angle between the beams, (c) beams angular width. The parameters of 
the run are the same as in Fig. (6.5).
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6.4 Frequency spectra o f transm itted light

For comparison with the experimental data, we display in Figure 6.8 the overall 

transmitted light spectra obtained by summing up all the near field spectra 

corresponding to different directions of propagation within an angle of 180°. The 

transmitted light is collected along different angles 9 in the near-field domain 

and analyzed spectrally.

The maximum laser intensity is reached in Figs. 6.1 and 6.7 at the moment 

corresponding approximately to cuts 2. Initially, the main part of the spectrum 

lies in the unshifted component, as shown in the first cut. The cuts 2 in Figs. 6.1 

and 6.7 illustrate the regime taking place just after the sudden onset of the red 

shifted component. In the simulations the onset of this red shifted component can 

be clearly identified as occurring at the moment when the average intensity of the 

beam speckles reaches the critical value for self-focusing. Thus, at this moment 

of time there is a large number of speckles which are unstable with respect to self- 

focusing and the subsequent instabilities of light trapped in filaments [20]. The 

third cut in Fig. 6.7 corresponds to a broad spectrum, in which three distinct 

peaks can be seen, the total width extending up to 10 x 10_8cm towards the red 

part of the spectrum.

To achieve a better understanding of the processes involved in crossed beam 

interactions we compare the transmitted light spectra produced in the crossed 

beam case with that of a single beam interaction. Frequency spectra of the 

transmitted light obtained from the simulations for a single beam interaction 

and the same parameters as in Fig.(6.7) is shown in Fig.(6.8) *.

‘Concerning the single beam spectra, some differences can be seen between the simulations 
[Fig. 6.8] and the experiments [14] results, the latter exhibiting a much broader red shift. Our 
numerical modeling of the IAVV nonlinearity (a simple logarithmic saturation of the density re
sponse) cannot properly account for the laser induced flow velocity contributing to the Doppler 
broadening of the ion waves which scatter the transmitted light. Moreover, we are modeling 
relatively small plasma (160 x 240Ao) with constant background conditions. Thus, our hot spot 
statistics of the interaction region is limited and may exclude significant nonlinear effects [20]
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Figure 6.7: Frequency spectra of the transmitted light obtained from the sim
ulations for two equal intensity crossed beams. The parameters of the run are 
Te =0.5 keV and ne =0.3nc.

We have found in simulations that whenever at least one of the interacting 

beams has a large red shifted component, it can act as a resonant seed for the 

large angle forward SBS of the unshifted part of the second beam. Such forward 

SBS produces intense and broad red-shifted components of the first beam as seen 

in cuts 2 and 3 of Figs. 6.1 and 6.7.

In the experiments, an increase by a factor 2.3 in the energy of the trans

mitted light collected by the optics located along the direction of beam 1 has 

been measured when beam 2 was present. The analysis of the single beam spec

trum.Fig. 6.8. shows that this increase is mainly due to the amplification of the 

red-shifted component of beam 1. As said before, this red shifted component 

is related to plasma induced beam smoothing. For two incident beams of equal 

intensity this implies an increase of the overall transmission. Such an increase is

due to very intense hot spots, leading to a less efficient temporal plasma induced smoothing 
of a single beam in the simulations as compared to the one in the experiments.
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Figure 6.8: Frequency spectra of the transmitted light obtained from the simu
lations for a single beam interaction and the same parameters as in Fig. (6.7).

partly due to reduced collisional absorption because of the higher temperatures 

obtained with crossed beam irradiation, and partly due to smaller backward SBS 

during the late stages of the interaction, as discussed further on. The enhance

ment of the red-shifted component as a function of the two beam characteristics 

is further discussed for crossed beams with different wavelengths in Section 6.6 .

The simulations show very clearly that the presence of the second beam in

creases the energy which is scattered outside the solid angle of beam I. support

ing the interpretation that the red-shifted component is mainly due to the light 

coming outside this beam cone. This result was confirmed in the experiment

[14], using complementary masks on the transmitted light diagnostic. The near 

field spectra in the case of a single beam interaction indeed shows that spectral 

broadening associated with a plasma induced smoothing is important for direc

tions corresponding to transmission outside the incident cone only. Thus the 

forward SBS of the unshifted part of beam 2 can be seeded only by these red
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shifted components of beam 1 which propagate outside the incident cone of beam 

1. For this reason, the near field diagnostics in the case of two beam illumination 

shows that the transfer of energy between the beams involves forward SBS at 

approximately 30°. which would lead to a frequency shift of ss 3 x 10-8cra ac

cording to the linear matching conditions for forward SBS. This linear estimate 

is of the same order in magnitude as the observed red shifts. The difference can 

be attributed to the intricate interplay between the plasma induced smoothing 

effects on each of the interaction beams and the large angle forward SBS taking 

place between them. The excellent agreement between the simulations and the 

experiments represents an additional argument in favor of our interpretation,

i.e. the red shifted component of a single beam spectrum appears indeed to 

be sufficiently broad to act as an efficient seed for large angle SBS, in spite of 

weaker plasma induced smoothing effects in the one beam simulations than in 

the experiments.

6.5 D ensity  fluctuation spectra

The result of plasma induced smoothing effects can be further investigated on 

the imprint they leave in plasma density fluctuations. Figure (6.9) shows the 

Fourier spectra of density fluctuations corresponding to two different times.

The Fourier spectra of density fluctuations shown in Fig. (6.9) (a) correspond 

to the earlier time associated with cuts 1 of Figs.(6.1) and (6.7). For small 

values of kx. they display the three distinct components corresponding to the 

stationary- density perturbations produced by the optical mixing of two top hat 

RPP beams [21]. The temporal ramping of the laser intensity has eliminated the 

initial transient effects [18. 9] of the IAYV excitation which would be generated 

by an instantaneous turn on of the laser ponderomotive force in simulations. 

The transmitted light has already been broadened in angle but no additional
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frequency components are observed at that time in the frequency spectrum [cf. 

Figs. (6.1) and (6.7)]. The components of the ion wave spectrum in Fig. (6.9)(a) 

at kx ss '2k0 are associated to backward SBS along the directions of each beam, 

and to the stimulated scattering of one beam into the backward direction of the 

other - the so called symmetric mode (ky =  0) [5] which has been identified before 

by Thomson scattering in Ref. [2].

At the later time corresponding to the cuts 3 in Figs. (6.1) and (6.7), Fig. 

(6.9) (b) shows that the three small Arx-components are now significantly broad

ened in comparison with that of Fig. (6.9)(a). This broadening is the result 

of plasma self-induced smoothing effects for the two spectral components corre

sponding to the optical mixing of the interacting RPP beams, and of large angle 

forward SBS for the central part of the small /cx-spectrum. At the same time 

the backward SBS driven fluctuations are dramatically reduced. Such an effect 

has been observed experimentally before [2]. We interpret it as resulting from 

the enhancement of the bandwidth and angular spread of the fonvard propa

gating light, leading to a reduction of the backward SBS gain coefficient [17]. 

Suppression of backward SBS was explained in Refs. [3. 4] as due to the IAW 

nonlinearity. The latter mechanism is likely to be more important for plasma 

densities lower than the one considered here, as plasma induced beam smoothing 

is less effective for low plasma density.

6.6 Crossed beam s w ith  different w avelengths

Studying crossed beams with different wavelengths was motivated by the fact 

that the interaction between the two beams via ion acoustic waves should be 

enhanced if the frequency mismatch between the beams is in the range of the 

frequency of the IAW involved in this interaction. Before going into a discussion 

of the interactions of beams with different frequencies let’s give a brief account of
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Figure 6.9: Density fluctuation spectra at early time (a) corresponding to the 
moment of time of cuts 1 in Figs. (6.1) and (6.7). (b) corresponds to the late 
time moment of cuts 3 in the same figures.
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a set of simulations, where we varied the relative intensities between the beams. 

First, we have observed that the enhancement factor depends on the intensity of 

beam 2 : with beam 1 at its maximum intensity 8 x l0 13 W /cm2. this factor was

2.1 and 3.5 for beam 2 at 2.4 x 1013 W /cm2 and 8 x 1013 W /cm 2. respectively. 

This increase was found to be associated with an increase of the overall intensity 

of the red-shifted component. The enhancement factor depends also on the in

tensity of beam 1. At low intensity of beam 1. the enhancement factor was larger 

than at high intensity: for beam 2 at its maximum intensity 8 x l0 13 W /cm 2, this 

factor was 8 for beam 1 at 2 x l0 13 W /cm2 and 3.5 for beam 1 at 8 x l0 13 W /cm2. 

showing the saturation of the mechanism. These features were also confirmed 

experimentally. The transfer of energy can be identified as taking place between 

the spectrally unshifted component of one beam and the red shifted part of the 

other. We observed also that the transfer of energy between the beams mediated 

by the mechanism described above results in the equilibration of their energy 

fluxes.

6 .6.1 B eam s w ith equal intensities

Fig.(6.10) shows the time evolution of crossed beams in the case when both 

beams have the same intensities but the frequency of beam 1 is 0.6AroCs smaller 

than the frequency of beam 2. Such a frequency mismatch is consistent with 

the frequency of the ion acoustic waves excited by the interaction of two beams 

with an angle of 25 — 35° between them [cf. Fig. (6.10) (b)]. The incident beam 

/ # =6. ratio of P/Pa- = 1.2 From Fig. (6.10)(a). which illustrates the balance 

of powder between the two crossed beams, one can see that at early time (up 

to 70ps) the beam with lower frequency is increasing in intensity whereas the 

beam with larger frequency is decreasing in intensity. After time about 150ps, 

the intensities of both transmitted beams are close to the same value.
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Figure 6.10: Time evolution of crossed beams with equal intensities and different 
frequencies, (a) transmitted and reflected light for beam 1 (solid line and beam 
2 (dotted line), (b) change of the angle between the beams, (c) beams angular 
width. The parameters of the run are the same as in Fig. (6.5) the frequency of 
beam 1 is 0.6 of the frequency of beam 2.
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Figure 6.11: Frequency spectrum of the transmitted light in the case of crossed 
beams with equal intensities and =  0.6u’o.

The dependence of the angle between the beams with color as a function of 

time is given in Fig. (6.10)(b) and is similar to the case of beams with equal 

frequencies Fig.(6.6)(b). Namely the angle between the beams increases by about 

7° during the simulation time. We define the center of the angular spectrum of 

a beam as an angular position for which half of the beam energy is to the left 

and the other half is to the right.

The angular width of the beam with colors is shown in Fig.(6.10)(c). One can 

see than at time interval between 50ps and lOOps, the angular width of the beam 

with lower frequency is larger than the width of the beam with higher frequency. 

At the same time the intensity of the beam with lower frequency is much larger 

that the intensity of the beam with higher frequency [see Fig.(6.6)].

Figure (6.11) shows the frequency spectra of the transmitted light from the 

two crossed beams with colors. The zero frequency in the spectrum corresponds 

to the average between the frequencies of the beam. Therefore the beam with 

lower frequency corresponds to j  =  0.3 and the beam with higher frequency 

corresponds to frequency jj =  —0.3. The asymmetry toward the positive uj of 

the frequency spectra, illustrates the energy transfer from the beam with higher
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frequency to the one with lower frequency. The frequency spectrum in the case 

of crossed beams with colors. Fig. (6.11). is more red-shifted and broader than 

the frequency spectrum from the crossed beams with the equal frequencies [cf. 

Fig. (6.7)].

6.6.2 B eam s w ith different in tensities

Let us now consider the case when the intensity of beam 1 (the one with lower 

frequency) is 10 times smaller than the intensity of beam 2 ( the one with higher 

frequency). The f-number of the incident beam is 4. and the ratio of P/Pa- =  0.8 

for the beam with higher intensity.

Fig.(6.12)(a) shows that energy is transferred from the beam with higher 

frequency (dotted line in Fig. (6.12)) to the beam with lower frequency (solid 

line in Fig. (6.12)). Only at late times (~  250ps) are the intensities of the 

transmitted beams are similar.

The angle between the two beams is shown in Fig.(6.12)(b) and its increase 

with time is much slower than the angle between the beam with equal intensities 

[see Fig. (6.10)(b)].

The width of both beams Fig. (6.12)(c) does not change as much as in the 

case when beams have the same intensity [see Fig. (6.10)(c)].

The frequency spectrum in the case of beams with colors, having different 

intensities. Fig. (6.13). is not as broad as the frequency spectrum in Fig. (6.11) 

since P/Pcr for Fig. (6.13) is smaller than that one for Fig. (6.11). Therefore 

the plasma smoothing effects are less pronounced.
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Figure 6.12: Time evolution of crossed beams with different frequencies, (a) 
transmitted and reflected light for beam 1 (solid line and beam 2 (dotted line), 
(b) change of the angle between the beams, (c) beams angular width. The 
parameters of the run are I x = 2 x 1014lV/cm2. / 2 =  0.1/i, /  — 4. n /n c — 0.1,
j J  1 =  0 .6 u l2 '
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Figure 6.13: Frequency spectrum of the transmitted light for the case of beams 
with different intensities and different frequencies. The parameters of the run 
are as in Fig. (6.12).
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Chapter 7 

Summary and conclusions

We have presented numerical and theoretical studies of different laser beam inter

actions with underdense plasmas involving ion wave instabilities. Our investiga

tions have been motivated and guided by experimental results where intense laser 

pulses interact with exploding foil plasmas. For the experimental parameters, our 

2D simulations displayed results consistent with the observations, particularly in 

relation to the angular spread and spectral distribution of the transmitted light. 

We have emphasized the important role of near-forward and backward SBS, 

which coexist with filamentation and self-focussing instabilities.

The simulations considered a homogeneous plasma with a longitudinal di

mension of Lx =  160fim. This length corresponds to the scale lengths typical 

of the experimental velocity and density gradients. The non-paraxiality of our 

model has allowed for a unique study of the interaction between different ion 

wave instabilities. The interplay between self-focussing, filamentation and SBS 

constitutes an important component of our results.

We studied these instabilities for three different classes of laser beam intensity 

profiles, namely single non-Gaussian speckle, single RPP beam and two crossed 

RPP beams. For ail the cases we established a close correspondence between the 

simulations and experimental results.

The actual scenario of the ion response depends on the intensity distribution
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of the laser pump. For the case of single non-Gaussian speckle, Chapter 4, we 

have carefully matched the experimental intensity profiles at the best focus posi

tion by using the superposition of two Gaussian beams with different f-numbers. 

The existence of a narrow Gaussian leads to SFI of the central portion of the 

laser pump, while the broader part of the laser pump support the FI and near

forward SBS. The self-focussing of the narrow part of the laser beam develops 

on a relatively fast time scale and produces density perturbations, which in turn 

seed the FI of the broader part of the beam.

We found that the backscattered SBS develops first and becomes localized 

in the front part of the interaction region close to the laser entrance boundary. 

In our simulations, in order to control the backward SBS reflectivity at the 

reasonable levels corresponding to the experimental data, we impose a relatively 

high damping for the sound waves produced by backward SBS at 2Ar0. The 

strong damping approximately replaces the effects of inhomogeneous plasma flow 

and nonlinear evolution of IAW. The backward reflectivity determines the laser 

power reaching the rear part of the target. The ion acoustic waves produced 

by filamentation. self-focussing or near-forward SBS are damped by Landau and 

collisional damping.

The seeding of transversely propagating sound weaves by self-focussing of the 

narrow' parts of Gaussian beams increases amplification of the filamentation in

stability. The FI can then compete with the near-forward SBS. We have exam

ined these tw’o processes by using linear theory. We have shown that the FI can 

be effective during the initial time evolution. However, on the time scale defined 

by an experimental pulse duration (~  lOOps) near-forward SBS will dominate. 

We certainly found strong indications from our numerical results that SBS con

trols the characteristic properties of the transmitted light. After accounting for 

the non-linear broadening of the laser pump due to self-focussing, the FI and
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the sound wave propagation, we obtained a good agreement between theory and 

simulations. We provided convincing evidence for near-forward SBS by demon

strating a spectral shift of the transmitted light along different directions, which 

is in good agreement with weakly coupled SBS theory. We also demonstrated 

an increasing angular spreading of the light produced by the near-forward SBS 

with increasing plasma density of laser plasma intensity.

One of the most interesting results in this case was the development of the 

angular and spectral spreading of the transmitted light due to plasma instabili

ties, such as filamentation. self-focussing and near-forward SBS [cf. Fig.(4.13)]. 

As we pointed out. this effect can increase plasma induced smoothing of the 

laser beams and increase the threshold for scattering instabilities deeper in the 

target, thus reducing their detrimental effect in fusion scale experiments. This is 

an important result, since the nonlinear evolution of randomized laser beams in 

laser produced plasmas is an ongoing concern in the inertial confinement fusion 

studies and in other applications of intense laser pulses including x-ray sources 

and laser particle accelerators. Different beam smoothing techniques have been 

designed to improve uniformity of plasma illumination. All of them involve a 

random phase plate, which breaks laser beam into many independent beamlets 

whose interference pattern in the laser focal spot creates an ensemble of statis

tically independent speckles. This improves uniformity of the intensity pattern, 

however, as we showed, within the speckle distribution there is always a signif

icant number of hot spots with large intensity, many times above the average 

value. These intense hot spots give rise to nonlinear effects, which can alter 

properties of laser beams at the macroscopic level.

Thus, as a part of our investigation of a single speckle evolution, we considered 

the stability of laser light filaments in a homogeneous isothermal plasma with 

respect to coupled electromagnetic and density perturbations [cf. Chapter 3].
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The speckle evolution is usually studied on the basis of the stationary approx

imation described by the nonlinear Schrodinger (N’LS) equation. The speckle 

evolves into a filament by forming elongated density channel with a trapped 

light propagating along its axis, if the laser light power in the speckle is above 

the critical value for self-focussing. An equilibrium state of a nonlinear filament 

corresponds to a balance between light ponderomotive and plasma pressures. 

The validity of the stationary approximation is limited by the filament modula- 

tional instability, which develops on a long ion-acoustic time scale and involves 

relatively long wavelength spatial perturbations. It involves dynamical ion wave 

response and an absolute growth in time. However, recent studies have shown 

the total destruction of a single nonlinear filament on a very short time scale.

We have explained the filament destruction by a new kind of a parametric 

interaction, called resonant instability of nonlinear filaments, in which a funda

mental waveguide mode of a trapped electromagnetic radiation is coupled to the 

next excited state in the waveguide. This coupling involves a supersonic density 

response and displays similarities to the strongly driven forward stimulated Bril- 

louin scattering. However, we found that contrary to the forward SBS of plane 

waves or broad laser beams, the scattering in a filament is characterized by a 

narrow maximum in the growth rate as a function of the wave number. This 

maximum reaches values comparable with the growth rate of backscattered SBS. 

This well defined resonant wave number of the perturbation enables identification 

of the instability in simulations and allows experimental verification.

The resonance filament instability is important for the randomized laser 

beams. It might repeat itself many times in different locations if the laser beam 

duration is much longer than the filament formation time. The secondary fila

ment formation and its subsequent instability has been observed in the simula

tions 10 — '20 ps after the primary filament explosion. The secondary filament
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has smaller size and contains less power due to the dephasing effect of remaining 

density fluctuations. As we showed later. Chapter 5. in the case of RPP beam 

the repeating resonance filament instability decrease the speckle size i.e. the 

effective /-number of the laser beam.

The sensitivity of the resonance instability on the plasma channel depth also 

offers a possibility to control it with the laser beam temporal smoothing tech

nique. The instability could be suppressed if the beam coherence time is less 

than the time of filament formation. This effect has been also seen in simu

lations and experiments. Finally, the filament instability also has a significant 

effect on the backscattering parametric instabilities by diminishing the size of 

interaction region and the effective pump wave intensity.

The second part of the thesis concentrates on studying spatially incoherent 

laser beams in the regime where the average beam power in a speckle is approach

ing the self-focussing critical power. Such beams are widely used in laser-plasma 

experiments because of their capability to control the light intensity distribution 

and to potentially suppress parametric instabilities.

As we have shown in the first part of the thesis, a laser beam propagating in 

an underdense plasma develops angular spreading and spectral broadening with a 

shift toward longer wavelengths. Similar plasma induced angular spreading and 

red shift have been observed in experiments and are particularly pronounced 

for RPP beams. These results were explained in terms of forward SBS and 

filamentation instabilities. Numerical studies with RPP laser beams have shown 

that both angular divergence and temporal bandwidth of the transmitted light 

are larger that those of the incident light in the regimes where filamentation 

does not reach a steady state. We characterize quantitatively this ability of an 

underdense plasma to induce a temporal incoherence together with additional 

spatial incoherence to a propagating laser beam.
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We interpreted the spectral broadening and red shift of the transmitted light 

as a result of multiple near-forward stimulated Brillouin scattering of the prop

agating laser beam. We also observed new features of SBS due to the mutual 

influence of forward and backward SBS. The changes in the characteristics of the 

transmitted light : angular spreading and decrease of time correlation quantify 

the results of self-induced smoothing of the beam in plasma. We showed that 

the modification of the transmitted light is due to changes in the hot spot en

semble in plasma. The angular and spectral broadening of the laser beam can 

be related to spatiai and temporal statistical characteristics of the laser field. 

In order to characterize the spatial incoherence of the propagating beam, we 

demonstrated that both the longitudinal. and transverse. lj_. speckle sizes 

decrease as the beam propagates through the plasma, while the ratio l\\/l\ does 

not change significantly in space and in time. In addition, the angular width (9) 

of the transmitted light was found to satisfy the standard relation of diffraction 

optics. (9) ~  1 //_. These results made it possible to define a local (in space and 

time) /-number of the laser beam.

We analyzed the angle correlation function of the transmitted light. We 

found that the plasma induced spatial incoherence results in an angle correlation 

function similar to the correlation function of a RPP beam characterized by 

the effective /-number. We have also analyzed the plasma induced temporal 

incoherence. We found that the temporal correlation function is similar to that 

of a laser beam characterized by induced spatial incoherence, in the sense that 

it quickly decays with the time difference of its arguments.

In addition to the quantitative characterization of the plasma induced smooth

ing. we also suggested an interpretation of its origin. Our overall picture is the 

following: in the regime where the average pow’er in a speckle approaches the 

self-focussing threshold, non-stationary filamentary structures form in the front
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part of the plasma. The high-intensity filaments are unstable. The instability, 

the temporal growth rate of which is characteristic of the so-called strong cou

pling regime, corresponds to forward SBS growing inside the cavity formed by the 

density depletion associated with the filament. By contrast with forward SBS, 

backward SBS may grow in individual speckles. As a result of the onset of plasma 

induced smoothing in the main part of the plasma, the growth of backward SBS 

in individual speckles becomes, after the transient period of time, restricted to 

the plasma front part only. The resonant instability of filaments gives rise, in 

the front part of the plasma, to scattered waves, temporally incoherent and char

acterized by a large spectral red shift and a broad angular distribution. They 

can then be spatially amplified during their propagation through the plasma by 

the forward SBS instability, in the so-called "incoherent" regime of three-wave 

coupling. This incoherent spatial amplification involves a spatial domain larger 

than the size of a single hot spot. In Fourier space, it gives rise to an increase 

of the angular width and to the spectral broadening while propagating further 

inside the plasma. In real space, it results in speckle size and correlation time 

both decreasing with the longitudinal coordinate.

The ability of the plasma to introduce additional incoherence to a propagating 

laser beam has important implications concerning the growth of backseattering 

instabilities. As we showed, the additional spatial incoherence is able by itself 

to reduce backward instabilities, because the gain factor is smaller in the shorter 

speckles. We also demonstrated that even a small level of temporal incoherence 

is able to dramatically reduce the backscatter instabilities.

The third part of the thesis concentrates on the effects of the plasma-induced 

laser beam smoothing in the case of two crossed spatially incoherent laser beams.

The nonlinear enhancement of large angle forward scattering of two identical 

laser beams crossing in a preformed plasma has been observed experimentally
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[Chapter 6]. The spectral analysis of the forward scattered light shows two com

ponents. one which is unshifted with respect to the initial laser light frequency, 

and the other which is red-shifted by a few Angstroms. We found that the red- 

shifted component is strongly enhanced in the case of crossed beam interaction 

in comparison with that of one beam illumination. The numerical simulations 

showed that this enhancement is due to large angle forward stimulated Brillouin 

scattering in which each beam serves as as seed for the forward scattering of the 

other.

As we saw in the case of single beam interactions, plasma induced smooth

ing gives rise to angular broadening, spectral broadening and red shift of the 

transmitted light. It involves the self-focussing instability of speckles contain

ing more power than the critical power for self-focussing, and the subsequent 

dynamical evolution of laser filaments, coupled to forward SBS. In the case of 

the crossed beam illumination we found, plasma induced smoothing, in addition 

to these single beam effects, to dramatically enhance the large angle forward 

SBS by which the energy of one beam can be transferred to the other. It is an 

important feature, since the energy transfer between crossed-beams can destroy 

the carefully designed energy balance between the multiple laser beams in the 

inertial confinement fusion experiments, thus affecting the symmetry of a pellet 

illumination.

Using spectral analysis we show that initially, the main part of the spectrum 

lies in the unshifted component of the transmitted light. The onset of this red 

shifted component can be clearly identified as occurring at the moment when 

the average intensity of the beam speckles reaches the critical value for self- 

focussing. Thus, at this moment of time there is a large number of speckles 

which are unstable with respect to self-focussing and the subsequent instabilities 

of a light trapped in a filament. It is important to notice that it is approximately
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at the same moment of time that a broad red shifted component appears in the 

single beam spectra.

We have found that whenever at least one of the interacting beams has a 

large red shifted component, it can act as a resonant seed for the large angle 

forward SBS of the unshifted part of the second beam. Such a forward SBS 

produces intense and broad red-shifted components of the first beam. This leads 

to an increase of the energy of the transmitted light of beam 1 when beam 2 is 

present. The spectral analysis confirms that this increase is mainly due to the 

amplification of the red-shifted component of beam 1. For two incident beams 

of equal intensity this implies an increase of the overall transmission. Such an 

increase is partly due to reduced collisional absorption because of the higher 

temperatures obtained with crossed beam irradiation, and partly due to smaller 

backward SBS during the late stages of the interaction.

We studied the enhancement of the red-shifted component as a function of 

the two beam characteristics. First, we have observed that the enhancement 

factor depends on the intensity of beam 2. We associated this increase with an 

increase of the overall intensity of the red-shifted component. The enhancement 

factor depends also on the intensity of beam 1. The enhancement factor was 

larger for a low intensity of beam 1 than the one with a higher intensity. We 

identified that the transfer of energy was taking place between the spectrally 

unshifted component of one beam and the red shifted part of the other.

We have observed that the presence of the second beam increases the energy 

which is scattered outside the solid angle of beam 1. and that the red-shifted 

component is mainly due to the light coming outside this beam cone. The near 

field spectra in the case of a single beam interaction show indeed that the spec

tral broadening associated with a plasma induced smoothing is important for 

directions corresponding to a transmission outside the incident cone only. Thus
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the forward SBS of the unshifted part of beam 2 can be seeded only by these 

red shifted components of beam 1 which propagate outside the incident cone of 

beam 1.

Considering the fourier spectra of density fluctuations, we find that they 

display three distinct components corresponding to the stationary density per

turbations. which get significantly broadened in comparison at later times. This 

broadening is a result of plasma induced smoothing effects for the two spectral 

components corresponding to the optical mixing of the interacting RPP beams, 

and of large angle forward SBS for the central part of the small fcx-spectrum. At 

the same time the backward SBS driven fluctuations are dramatically reduced, 

that was already observed in the case of a single speckle. VVe interpret it as result

ing from the enhancement of the bandwidth and angular spread of the forward 

propagating light, leading to a reduction of the backward SBS gain coefficient. 

Suppression of backward SBS is explained as due to the IAW nonlinearity and is 

likely to be more important for plasma densities lower than the one considered 

here, as plasma induced beam smoothing is less effective for low plasma density.

A comparison with the single RPP case indicated that the crossed beam 

geometry' irradiation makes plasma induced smoothing more efficient in reducing 

the backward SBS reflectivity.

In conclusion, we studied the plasma induced smoothing effects for beams 

with increasing complexity -  single hot spot beam, single RPP beam and two 

crossed RPP beams. We demonstrated the effectiveness of the approach to con

trolling the growth of resonant parametric instabilities of the decay type by 

reducing the coherence of the pump wave. Such a control of the growth of the 

scattering instabilities is of fundamental importance for the concept of laser fu

sion and is going to be one of the essential elements for the success of the laser 

fusion program.
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