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Abstract

Stimulated Raman scattering (SRS) is a parametric instability of concern to inertial
confinement fusion (ICF) schemes; since it scatters light away from the target, and
accelerates hot electrons towards the cold fuel. In directly-driven ICF schemes we are
concerned with the convective growth of SRS; which can have very large gain in the
ICF corona, leading to pump-depletion of the laser ahead of the quarter critical density
surface, where it can grow as an absolute instability. Recent shock-ignition experiments
[Cristoforetti et al., 2021; Scott et al., 2021], have measured large back-scatter from
convective SRS originating from very low plasma densities, where its behaviour is
dominated by kinetic effects.

In this thesis we use one-dimensional particle-in-cell simulations to explore convective
SRS in three scenarios. First, we consider inflationary SRS (iSRS) in isolation from other
coronal laser-plasma instabilities, and study the dependence of the iSRS threshold on the
density scale length of the coronal plasma [Spencer et al., 2020]. In the second scenario
we study how the inflationary SRS behaviour identified in Spencer et al. [2020] changes
when driven by a broadband laser. We model realistic laser and plasma profiles for shock-
ignition on Nd : glass and argon fluoride laser systems. The third investigation concerns
convective SRS, in both the kinetic and fluid regimes, for magnetised plasmas where
it competes with other one-dimensional laser-plasma instabilities such as stimulated
Brillouin scattering.
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Chapter 1

Introduction

The material presented in this thesis represents kinetic simulations of laser-plasma

interactions (LPI) relevant to direct-drive inertial confinement fusion (ICF). In this

introductory chapter, an overview of the goals of, and approaches to, inertial confinement

fusion is given; including specific details of the “shock-ignition” (SI) ICF scheme. We

then review the previous work concerning laser-plasma interactions in direct-drive ICF,

and motivate the use of kinetic modelling throughout this thesis. Finally, we offer an

outline of the rest of the thesis.

1.1 Inertial Confinement Fusion

The basic concept of inertial confinement fusion (ICF) is based on the Ulam-Teller design

for a thermonuclear weapon (H-bomb), which uses radiation to compress thermonuclear

fuel to the point where it undergoes nuclear fusion [Carpintero-Santamaŕıa and Velarde,

2015]. Nuclear fusion is the process by which two light atomic nuclei overcome the

electric repulsion between them and combine to form a new, heavier, nucleus and release

energy proportional to the mass gap as kinetic energy of the fusion products. The

reaction of choice in the thermonuclear weapon, and in most modern ICF designs, is

deuterium-tritium (DT) fusion. Equation 1.1 shows the DT reaction; first in the most

commonly-presented formula, and then explicitly in terms of the ions and their nucleon

(superscript) and proton (subscript) numbers.

D + T −→ He4 + n + 17.6MeV

2
1H + 3

1H −→ 4
2He(3.5MeV) + 1

0n(14.1MeV).
(1.1)

In order for a fusion reaction to be usable on earth, we require that it satisfies certain

criteria: uses the lightest possible elements; reaction occurs at “reasonable” temperatures

(on the order of 10keV); reactants (fuel) are obtainable. Figure 1.1 shows that the DT

reaction has the largest cross section / highest thermal reactivity of the several reactions

which satisfy the above conditions.

In a thermonuclear weapon the radiation source is a fission bomb (also known as
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Figure 1.1: Thermal reactivity (product of interaction cross-section and velocity averaged
over a Maxwellian) as a function of temperature: for deuterium-tritium, deuterium-
deuterium (both interaction branches), and deuterium-helium nuclear reactions. Re-
printed from https://commons.wikimedia.org/wiki/File:Fusion_rxnrate.svg un-
der a Creative Commons 2.5 license, via Wikimedia Commons.

an “atom bomb” or “A-bomb”), which detonates and reaches very high temperatures,

producing thermal x-rays which are channelled to compress the thermonuclear fuel. The

fusion reaction which results from the high density and temperature conditions created

in the compressed fuel is unconfined and, therefore, unsuited for energy generation.

When lasers were proposed and realised, by Schawlow and Townes [1958] and Maiman

[1960] respectively, scientists at Lawrence Livermore National Laboratory realised that

lasers had the potential to ignite fusion explosions without using an atomic bomb.

In 1972, Nuckolls et al. [1972] published a paper in Nature in which they used the

LASNEX computer code to show that high-energy lasers could be used to compress

hydrogen to super-high densities. Combined with small target pellets of fusion fuel,

which will undergo burn before exploding (due to their inertia), the basic idea of inertial-

confinement fusion (ICF) was born. Modern ICF schemes rely on the concept of central

hotspot ignition, in which the aim is to ignite fusion reactions at the hot, dense centre

of the DT fuel, rather than in the whole fuel capsule at once. The fusion reactions

in the central hotspot produce alpha particles which, given a high enough fuel areal

density, will heat cold adjacent fuel causing it to fuse.

1.1.1 Direct and indirect drive ICF

Developments to the basic ICF scheme can be categorised by how the laser is used to

perform the radiation compression of the fuel. In laser indirect-drive (LID) models,

fusion fuel is held inside a hollow chamber made of a high atomic number material.

2
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Figure 1.2: Reprinted with permission from Betti and Hurricane [2016].
Schematics of indirect (top left) and direct-drive (top right) ICF. In both schemes, an
ablation plasma is created which drives the implosion by the rocket effect.

This structure is known as the hohlraum, from the German for “hollow space”. Lasers

are then used to heat the inside walls of the hohlraum until they emit a bath of X-rays

which heat the outer layer of the fuel capsule, causing the outer layer of the capsule

to ablate and a rocket-effect-like implosion of the inner fuel. An advantage of the

indirect-drive technique is that the absorption and re-emission of laser energy by the

hohlraum smoothes the radiation which will drive the implosion.

Improvements in laser smoothing technology have made this advantage of LID less

obvious, and much research now focuses on laser direct-drive (LDD). In laser direct-drive

the laser beams are aimed at the target directly. This allows for a higher conversion

efficiency of laser energy to kinetic energy of the imploding fuel; direct-drive ICF

couples about five to six times more energy to the fuel than LID [Betti and Hurricane,

2016]. Compared to LID, direct-drive ICF is much more vulnerable to hydrodynamic

instabilities, such as the Rayleigh-Taylor instability, which grows from perturbations

seeded by inhomogeneous laser illumination. Figure 1.2 is a graphical representation of

the indirect- and direct-drive approaches to ICF. This thesis is concerned with energy

exchange that happens once the ablated plasma has been created, and while the lasers

continue to pass through this ablated plasma towards the DT fuel.

Neither indirect- nor direct-drive inertial confinement fusion has reached the goal

of producing more energy than is used to drive the reaction, although the National

Ignition Facility (NIF) has recently come close. In late August 2021 (as this thesis was
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Figure 1.3: Reprinted with permission from Perkins et al. [2009]. Shock-ignition
design for the National Ingition Facility (NIF).

being prepared), it was reported in the international press that 1.3MJ of energy had

been produced from fusion, compared to the 1.9MJ of laser energy used to ignite the

fuel [Kramer, 2021]. They also reported that thermonuclear burn was achieved: this

is the process by which alpha particles produced in the DT fusion reaction heat up

the fusion fuel and create more fusion, which creates more heat from alpha particles.

These results were produced by indirect-drive ICF, which may not be suitable for power

generation. The results have not been peer-reviewed at the time of this thesis.

There have been many proposals for how to improve the performance of direct-drive

ICF, each addressing a different issue with the scheme. In this thesis, we consider

two avenues: shock-ignition [Betti et al., 2007], which uses low-adiabat low-velocity

implosions to reduce Rayleigh-Taylor instabilities; and magnetised ICF, which uses

applied magnetic fields to reduce heat loss from the plasma, and to enhance alpha

heating in the fuel.

1.1.2 Shock-ignition

Shock-ignition is a directly-driven central ignition scheme boosted by a strong shock.

Shock-ignition (SI) separates the fuel assembly/compression from the ignition by using

a characteristic laser pulse shape, which can be seen in Figure 1.3. Compared to the

conventional drive pulse, the fuel is assembled using a laser drive of low total energy

and peak power. This means that the implosion velocity is lower than for conventional

drives, which makes the fuel more robust to hydrodynamic instabilities. However, the

temperature of the central hotspot is now too low for the fuel to ignite without help.

The fuel is ignited by the large high intensity spike at the end of the laser pulse, which

drives a strong shock into the target. In a successful shock-ignition experiment, this

ignition shock meets the centre of the fuel just as it begins to stagnate and rebound

[Perkins et al., 2009], causing it to ignite.

One major disadvantage of the SI approach to ICF is that the laser intensity during

the ignition pulse is such that many laser-plasma instabilities will have large gain over
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the ablated plasma corona. According to Betti and Hurricane [2016]’s review of inertial

confinement fusion “Understanding the laser–plasma interactions at intensities in the

5 × 1015–1016W/cm2 range is crucial for assessing the viability of the shock ignition

scheme.”

1.1.3 Magnetised ICF

Magnetised inertial confinement fusion (also known as magneto-inertial fusion or

magnetised-target fusion) is an ICF scheme which uses applied magnetic fields to

reduce thermal transport and to enhance alpha heating in the DT fuel [Wurden et al.,

2015]. These schemes rely on the “frozen-in-field” assumption from magnetohydrody-

namics. In experiments, a magnetic field of the order 10T is embedded in the target

and then compressed to many tens of megaGauss (recall 1T = 104G) as the DT fuel

implodes. Gotchev et al. [2009] demonstrated a magnetised direct-drive platform for the

OMEGA laser system, which has an initial (uncompressed) magnetic field of 10T. The

first evidence of enhanced ICF performance as a direct result of hot-spot magnetisation

came from Chang et al. [2011], who measured an increased fusion yield of 30%. Perkins

et al. [2017] suggest that applied magnetic fields of tens of Tesla could also make it

easier to reach ignition in LID targets. They find that the optimal applied field would

have a magnitude of 50T.

Direct-drive magnetised ICF schemes will still be vulnerable to laser-plasma insta-

bilities in the coronal plasma, but their behaviour will be modified by the magnetic

field.

1.2 Laser-plasma instabilities in shock-ignition

In all laser direct-drive ICF schemes, the laser light must travel through the ablated

coronal plasma in order to continue to deliver their energy to the target and support

the fuel assembly and ignition. Given certain conditions on the laser intensity and the

coronal density, temperature, and gradients, the incident laser radiation can transfer

some of its energy to plasma waves and scattered light waves. This degrades the

uniformity of the laser illumination and reduces the energy delivered to the target.

These laser-plasma interactions (LPI) which occur in the coronal plasma are one of the

main reasons that the National Ignition Campaign, which took place on the National

Ignition Facility (NIF) between 2009 and 2012, failed to achieve ignition [Lindl et al.,

2014].

The plasma corona in shock-ignition ICF is characterised by long density scale

lengths (Ln ∼ 300− 1000µm) and high electron temperatures (Te ∼ 3− 6keV). This

wide range of density scale lengths reflects the fact that the shock-ignition design space

covers a wide variety of target radii, laser intensities, total laser energies, and pulse

lengths. In this section, we provide an overview of the key experiments and simulation
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campaigns which have contributed to our understanding of laser-plasma instabilities in

shock-ignition.

1.2.1 Experiments

There is little experimental precedent for studying laser plasma interactions at shock-

ignition relevant scales. For many years, experiments have been limited to “sub-scale”

interactions, which have shorter density scale lengths (defined by Ln = ne/(∂ne/∂x)) and

lower plasma temperatures at the quarter critical density surface than those predicted

for “ignition-scale” SI. An excellent summary of the laser and plasma parameters used

in major shock-ignition experiments, as well as the reported levels of laser-plasma

instabilities, can be found in Table I of Seaton and Arber [2020], and we refer the

interested reader there. For the purposes of this Introduction, we will summarise two

recent shock-ignition experiments, which are not featured in Seaton and Arber [2020].

Further references and summaries, which are relevant to the physics results presented

in this thesis, can be found in the introductions of Chapters 4, 5, and 6.

A recent experiment performed by Scott et al. [2021] measured hot electrons from

LPI in an ignition scale plasma on the Omega laser facility, for intensities relevant to

shock-ignition. In this experiment, the high-intensity ignition pulse interacted with a

coronal plasma of peak density scale length 450µm and electron temperature Te = 3keV.

They measured SRS from densities in the range 0.04−0.16ncr, which equates to kEPWλD

in the range 0.25− 0.6. They measured no SRS or two-plasmon decay (TPD) at the

quarter-critical density surface, this suggests that convective SRS below quarter-critical

may be more important than has been considered so far. Finally, the measured hot

electrons had a relatively flat dependence on intensity, measuring between 35− 45keV

and with a total conversion efficiency of ∼ 2.5% [Scott et al., 2021].

Another very recent experiment, by Cristoforetti et al. [2021], measured SRS from

a pre-formed, hot (Te > 1keV), and long density scale-length (275µm < Ln < 450µm)

plasma on the Vulcan laser facility. They found that SRS grew in the strongly kinetic

regime and back-scattered between 4% and 20% of the interaction beam energy. Through

a combination of coupled-wave and particle-in-cell simulations, they showed that kinetic

effects did not contribute to the SRS amplification at the high intensities of the interaction

beam (I0 > 1016W/cm2), but that they were responsible for large bursts of SRS at

intensities close to the inflationary SRS threshold. In agreement with Scott et al. [2021],

no SRS or TPD is measured from the quarter-critical density surface. The measured

hot-electron temperature (Te = 7− 12keV) is fully explained by the very low densities

(ne < 0.1ncr) at which SRS grows.

1.2.2 Simulations

Computer simulations were first applied to the then-called “reflective instabilities” (SRS

and SBS) by Forslund et al. [1973]. Since then, simulations have been a vital tool for
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understanding the role of laser-plasma instabilities in direct-drive ICF. A short and

enjoyable historical overview of laser-plasma physics as it relates to ICF can be found

in Tikhonchuk [2018].

Laser-plasma interactions can be studied using two main types of codes. The first is

codes which solve the coupled envelope equations for various non-linear couplings of

waves, such as the Laser-Plasma Simulation Environment [Myatt et al., 2019]. These

coupled envelope equations can be adapted to include corrections from kinetic physics,

such as the model of Tran et al. [2020] which includes a non-linear frequency shift of

the plasma waves due to electron trapping. The second way to approach modelling

LPIs relevant to ICF is to use a particle-in-cell (PIC) code, significant examples of

which include: EPOCH [Arber et al., 2015]; OSIRIS [Fonseca et al., 2002]; and SMILEI

[Derouillat et al., 2018]. For many scientists interested in ICF, the ultimate goal of these

LPI simulations is to create “reduced models” of laser-plasma interactions which can be

included into hydrodynamic simulations of the full implosion and ignition dynamics.

Two-dimensional PIC simulations of the shock-ignition coronal plasma at ignition-

scale have been performed by Seaton and Arber [2020], and compared to 2D “sub-scale”

simulations. They find that large convective gains of scattering instabilities below the

quarter-critical density surface leads to laser-plasma dynamics controlled by pump

depletion. The work presented in this thesis builds on Seaton and Arber [2020]’s analysis

by examining, in more detail, the convective SRS which takes place in the shock-ignition

plasma corona below quarter-critical; and by looking for mechanisms by which its impact

can be mitigated.

This thesis presents simulations which investigate the detailed kinetic physics behind

stimulated Raman scattering (a laser-plasma instability of concern to ICF). To this

end, we use the particle-in-cell (PIC) code EPOCH. One major advantage that the

particle-in-cell method has over the other main family kinetic plasma codes (which are

based on direct integration of the Vlasov-Fokker-Planck equation), is that they are

significantly cheaper to run for laser-plasma interaction problems. Furthermore, the

EPOCH PIC code is developed in-house at the University of Warwick. This allowed us

to work closely with the developers when designing simulations and running them on

the constantly-changing UK high-performance computing architectures.

One major concern about the use of PIC simulations for laser-plasma interactions

in ICF is that they are generally poor at predicting experimental observables, such as

the amount of reflected light as a fraction of the incident laser power (known as the

reflectivity). This can be attributed to the fact that PIC simulations of LPI are rarely

economical to perform in full 3D geometry with realistic laser speckle patterns. Even

simulations which are performed in 3D (such as Yin et al. [2009]) are often at “sub-scale”

density scale-lengths and temperatures, which dramatically changes the behaviour of

the convective instabilities.
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1.3 Thesis Outline

In the next five chapters, we present a subset of the work performed by the author in

the four years of their PhD registration. Chapters 2 and 3 provide high-level summaries

of the relevant theory and methods employed in this work, and contain full references

for interested readers.

Chapter 2 We present in Chapter 2 the theory of laser-plasma interactions relevant

to coronal plasmas in direct-drive ICF. We start by revising the fluid theory of

stimulated Raman scattering (SRS), and quantify its absolute and convective gains.

We then discuss how kinetic effects, including large trapped-particle populations,

modify the behaviour of SRS.

Chapter 3 Here we present the EPOCH particle-in-cell (PIC) code, which is used

to perform all the simulations presented in this thesis, alongside a review of the

PIC method for kinetic plasma simulations. Basic benchmarking of the code to

the theory presented in Chapter 2 is referenced, and we introduce several key

diagnostics which are used throughout the thesis.

Chapter 4 In this work, we use one-dimensional particle-in-cell simulations to show

that there is a non-linear frequency shift caused by kinetic effects, resulting in the

growth of SRS in an inhomogeneous plasma far exceeding the predictions of fluid

theory, so-called inflationary SRS or iSRS. We find that iSRS occurs over a wide

range of density scale-lengths relevant to shock-ignition and other directly- driven

inertial confinement fusion schemes. Here we quantify the intensity threshold for

the onset of iSRS for shock-ignition relevant parameters.

Chapter 5 In this chapter, results of one-dimensional PIC simulations are presented,

which represent the first investigation into the practical possibility of using broad-

band to suppress inflationary SRS in shock-ignition. We show that for a decoupled

broadband laser, the non-linear frequency shift must be taken into account when

calculating the condition for suppression of iSRS. Next we consider the effect

of bandwidth on iSRS for realistic shock-ignition schemes on two laser systems:

frequency-tripled Nd : glass; and Argon Fluoride (ArF).

Chapter 6 In this chapter, we present work performed by the author while employed

as a Junior Specialist at the University of California, San Diego between January

and April 2020. We present modelling, performed by the author, of an experiment

performed at the Laboratoire pour l’Utilisation des Lasers Intenses (France) by

J. R. Marquès et al.. The experiment showed a small increase in SRS with an

applied magnetic field, and this is recreated in our simulations. We then go on to

investigate how the effect of the magnetic field depends on kEPWλD of the SRS

electron plasma wave.
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Conventions adopted in the thesis

Unless otherwise stated in the text, all equations and physical quantities in this thesis

are in SI units. Standard SI prefixes (k for kilo, T for tera- etc) are used. All numerically-

calculated values are given to two significant figures, and written in scientific notation

for values greater than 1000, and less than 1/1000.
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Chapter 2

Theory

This chapter aims to remind the reader of the tools and methods needed to read, and

to engage critically with, the rest of the thesis, and to introduce notation. By the end

of this chapter, the reader should be familiar with the following concepts and methods:

1. Backward stimulated Raman scattering (SRS) as a three-wave parametric insta-

bility.

2. The difference between convective and absolute SRS, and how we can quantify

their gain.

3. The difference between fluid and kinetic SRS, and how we can use kEPWλD to

delineate these two regimes.

4. The effect of large trapped-particle populations on SRS, including the growth of

additional resonant modes.

2.1 Pre-requisites

This section provides a minimal set of pre-requisites I will be assuming in this chapter.

We start with Maxwell’s equations in differential form:

∇× ~E = −∂
~B

∂t
(Faraday-Lenz Law) (2.1a)

∇× ~B = µ0~j +
1

c2
∂ ~E

∂t
(Ampere-Maxwell Law) (2.1b)

∇ · ~B = 0 (No Magnetic Monopoles) (2.1c)

∇ · ~E =
ρ

ε0
(Gauss’s Law). (2.1d)

These describe the evolution of the vector fields [ ~E(~x, t), ~B(~x, t)] using the mathematical

notation ∇ =
(
∂
∂x ,

∂
∂y ,

∂
∂z

)
to denote the scalar function divergence (∇·) and the vector

function curl (∇×). The charge density ρ and current density ~j are most properly

calculated by summing the contributions of the exact phase-space coordinates of every
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particle in the plasma. However, we can make an approximation and assume that that

the phase space is continuous and take an average to get the distribution function

f(~x,~v, t). Each plasma species has its own distribution function fα(~x,~v, t). We can now

define ρ and ~j in terms of the distribution function like so:

ρ =
∑

α

qα

∫
d~vfα(~x,~v, t) (2.2)

~j =
∑

α

qα

∫
d~v~vfα(~x,~v, t). (2.3)

In order to close the Maxwell equations, we need an equation which tells us how

any distribution function evolves in terms of [ ~E(~x, t), ~B(~x, t)]. Following any course in

the kinetic theory of plasmas (for example, Dellar and Schekochihin), and dropping

the subscript α on the distribution function, we end up with the Vlasov equation for a

collisionless plasma:

∂f

∂t
+ ~v · ∇f +

q

m

(
~E +

~v × ~B

c

)
· ∂f
∂~v

= 0 (2.4)

By taking moments, with respect to velocity, of the Vlasov equation (and moving to 1D

for brevity), we obtain the following reduced description of the plasma in terms of an

electron fluid:

∂n

∂t
+

∂

∂x
(nu) = 0 (0th moment: Continuity equation) (2.5)

men

(
∂u

∂t
+ u

∂

∂x
u

)
= −∂P

∂x
+ qExn (1st moment: Momentum equation). (2.6)

Where n is the number density (calculated by taking the zeroth moment of the distribu-

tion function); u is the macroscopic flow velocity (calculated by taking the first moment

of the distribution function); and P is a scalar pressure. In order to close this set of

equations, we require an expression for the scalar pressure P that does not introduce

any higher moments of the distribution function. Typically in this thesis the timescales

are such that thermal conduction can be neglected, and we assume that the process is

adiabatic. This means that our final equation takes the form:

d

dt

(
P

nγ

)
= 0 (Energy equation), (2.7)

introducing γ = Cp/Cv = 1 + 2/n = 3 the ratio of specific heats in one dimension, where

n is the number of degrees of freedom. The exception to this adiabatic assumption

comes when we consider the ion acoustic wave, in which the electron fluid response is

treated as isothermal. When taken together, Equations 2.5, 2.6, and 2.7 are known as
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the hydrodynamic equations of motion. For a multi-species plasma, each species will

have its own continuity, momentum, and energy equations.

We recall the fundamental time and length scales associated with a plasma: the

plasma frequency and the Debye length. The plasma frequency describes the natural

frequency of oscillation of electrons in a cold plasma, its expression in terms of the

electron number density can be derived by considering the displacement of a block of

plasma and considering the restoring forces acting on it, to give:

ωpe =

√
nee2

meε0
. (2.8)

This fundamental time-scale allows us to define a fundamental length-scale based on

how far a particle with thermal velocity vth can travel in one oscillation period.

λD =
vth
ωpe
∝
(

temperature

density

)1/2

. (2.9)

The thermal velocity is given by:

vth =

√
kBTe
me

, (2.10)

where kB is the Boltzmann constant. This fundamental length scale is called the

Debye length. For a test charge in a plasma, the effect of its electric field is only felt by

particles within a sphere of radius λD, outside this sphere its electric field is screened

out by the other charges in the plasma. For this reason, the Debye length is sometimes

called the “screening length”.

2.2 Fluid theory of three-wave instabilities

Equipped with this brief revision of the fundamental relationships which describe a

plasma, we can now move onto the theory behind our object of study: laser-plasma

instabilities.

2.2.1 Dispersion curves and linear modes

Equipped with the hydrodynamic equations of motion (Equations 2.5, 2.6, and 2.7),

we now look for normal modes of the system. These describe oscillations in which

all variables vary sinusoidally with the same frequency, meaning that they can be

written as A(x, t) = A1(x)e−iωt. A non-magnetised, thermal, two-species (electron-ion)

plasma supports two longitudinal electrostatic modes and one electromagnetic mode.

An excellent derivation of these modes can be found in Chapter Three of Jones et al.

[1985].

By linearising the electron fluid equations and Maxwell’s equations, assuming that

ion motion is negligible, and looking for solutions which are harmonic in space and time

12



(ne, P, ue, E ∝ ei(kx−ωt)) we can derive the dispersion relation for electron plasma waves

(EPWs):

ω2 = ω2
pe + 3k2v2th. (2.11)

Electron plasma waves are also known as “Langmuir waves” after Irving Langmuir, and

Equation 2.11 is sometimes called the “Bohm-Gross dispersion relation”.

By a similar linear analysis, this time assuming that Te � Ti and that ω � ωpi (the

ion plasma frequency), we find the dispersion relation for ion acoustic waves (IAWs):

ω = csk, (2.12)

where cs is the sound speed,

cs =

√
ZγekBTe + γikBTi

mi
. (2.13)

Z is the ion charge state, and γe, γi are the ratio of specific heats for electron and

ion fluids, respectively. Typically, we take γi = 3 which corresponds to 1D adiabatic

compression of the ions, and γe = 1, corresponding to isothermal compression of the

electrons. The requirement that Te � Ti ensures that the IAW does not experience

very strong Landau-damping by the ions.

Finally, we consider the problem of a high frequency electromagnetic wave (EMW)

travelling in a plasma. The dispersion relation for electromagnetic waves in a plasma is:

ω2 = ω2
pe + c2k2. (2.14)

This expression shows that the frequency of EMWs in a plasma is bounded below, in

magnitude, by the electron plasma frequency. The limit ω0 = ωpe defines a critical

density past which EMWs cannot propagate, since the the electrons can respond in

time to shield out the field of the EMW:

ncr =
ω2
0meε0
e2

. (2.15)

Figure 2.1 shows graphically the dispersion relations for electron plasma waves

(EPWs) and electromagnetic waves (EMWs) in a non-magnetised, thermal plasma.

The angular frequency of the waves is normalised to the electron plasma frequency,

and the wavenumber to the inverse Debye length. The black dashed line ω/k = c is

the dispersion relation for EMW in vacuum, and dashed line ω/k =
√

3/2vth is the

electron-acoustic wave (EAW) for a population of hot electrons with thermal velocity vth.

The frequency of the electron-acoustic wave satisfies ωpi < ω < ωpe. The EPW branch

and electron acoustic branch actually merge at short wavelengths (kEPWλD ∼ 0.53)

[Rose, 2003]. The electron-acoustic wave (EAW) and its cousin the beam-acoustic mode

(BAM) will be covered in Section 2.3, where we look at the limits of the hydrodynamic

theory and consider some important additions from kinetic theory.
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Figure 2.1: Dispersion relations for electromagnetic waves and electron plasma waves in
a non-magnetised, hot plasma with Te = 5keV, ne = 0.1ncr. The limits are chosen such
that kEPWλD < 0.5 for the EPWs, which is required for Equation 2.11 to be valid.

2.2.2 Three-wave instabilities

From linear analysis of the hydrodynamic equations in an un-magnetised plasma (Equa-

tions 2.5, 2.6, 2.7) we have recovered three waves: the EPW, IAW, and EMW. Linear

analysis in a homogeneous plasma, however, does not tell us anything about how the

perturbations associated with one of the waves might affect one or more of the other

waves present in the plasma. A second order analysis, which considers contributions

proportional to the product of two oscillating quantities, is required to understand how

these waves might influence each other. A three-wave instability is the lowest-order

example of this non-linear interaction.

An intuitive physical understanding of three-wave instabilities in a plasma driven by

a large amplitude laser is given in Figure 2.2. It shows how the laser interacts with an

electron plasma wave to generate Thomson-scattered light, which is Doppler-shifted due

to the longitudinal collective motion of the electrons in the wave. This new scattered

light wave beats with the laser light to create a beat-wave whose envelope reinforces

the original EPW via the ponderomotive force, which is proportional to the gradient of

the energy density of the beat EMW. Keeping this picture in mind will help to track

through the mathematics that is to follow.

As an introduction to the theory of three coupled waves, we start by considering the

case of three coupled oscillators, following [Nishikawa, 1968] and [Nishikawa and Liu,

1976]. Setting out the problem in terms of the three waves identified in the previous

section, we assume small non-linear coupling, which allows us to say that each of
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Figure 2.2: Reprinted with permission from Montgomery [2016]. Graphic
depiction of a three-wave instability driven by a large amplitude laser, such as SRS or
SBS. The laser travels from right to left, causing electrons in the plasma to oscillate in
the laser electric field (Step 1). The oscillating electrons generate a transverse current
which generates a scattered light wave (Step 2), which then beats with the original laser
wave (Step 3). The ponderomotive force pushes the plasma particles into the troughs of
the beat-wave, creating an electrostatic plasma wave (Step 4).

the three waves has angular frequency and wave-number (ω,~k) which locally satisfy

the linear dispersion relations presented in Section 2.2.1. Furthermore, we insist that

frequency and wave-number matching are satisfied for the real parts of each:

ω0 = ω1 + ωs (2.16a)

~k0 = ~k1 + ~ks. (2.16b)

The subscripts 0, 1, s are to prepare us for the specific cases of stimulated Raman and

Brillouin scattering in which the three waves are: a large-amplitude laser (ω0, ~k0); a

plasma wave (ω1, ~k1); and a scattered light wave (ωs, ~ks). Finally, we assume that the

plasma is infinite in extent and spatially homogeneous, and that there is no pump

depletion. Given these requirements, we make a simplification and model these three

waves as three oscillators each satisfying the equation for a damped harmonic oscillator

of the form:

[
d2

dt2
+ 2Γi

d

dt
+ ω2

i

]
Xi(t) = 0, (2.17)

where ωi is the characteristic frequency and Γi is the constant damping rate of the wave.

Since wave 0 (the laser) has large amplitude and is undamped, and we assume no pump
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depletion, the lowest order coupling of these waves gives the coupled system:

[
d2

dt2
+ ω2

0

]
X0(t) = 0 (2.18a)

[
d2

dt2
+ 2Γ1

d

dt
+ ω2

1

]
X1(t) = 2αX0(t)Xs(t) (2.18b)

[
d2

dt2
+ 2Γs

d

dt
+ ω2

s

]
Xs(t) = 2βX0(t)X1(t), (2.18c)

where α and β are constants that describe the coupling, and satisfy αβ ∈ R>0. Equation

2.18 (a) can be solved directly to find:

X0(t) = X̄0cos(ω0t). (2.19)

Taking the Fourier transform of Equations 2.18 (b) and (c) we get:

[
ω2 + 2iΓ1ω − ω2

1

]
X1(ω) + αX̄0 [Xs(ω − ω0) +Xs(ω + ω0)] = 0 (2.20a)

[
ω2 + 2iΓsω − ω2

s

]
Xs(ω) + βX̄0 [X1(ω − ω0) +X1(ω + ω0)] = 0. (2.20b)

We now use Equation 2.20 (b) to evaluate Xs(ω ± ω0) and, since we are looking for

solutions for ω ' ω1, we can ignore the terms in X1(ω ± 2ω0). Defining Dn(ω) =

ω2 + 2iΓnω − ω2
n, we find that solutions for ω must satisfy:

D1(ω) = αβX̄0
2
[

1

Ds(ω + ω0)
+

1

Ds(ω − ω0)

]
. (2.21)

We then consider the real and imaginary parts of ω = x+ iγ separately and find,

for the case where ω1/ω0 is far from zero, that the exponential growth rate is given by:

(γ + Γ1) (γ + Γs)

[
1 +

∆ω2

(2γ + Γ1 + Γs)
2

]
= γ20 . (2.22)

Where γ0 is the coupling constant, given by:

γ0 =
X̄0

2

√
αβ

ω1ωs
. (2.23)

Examining limiting cases of Equation 2.22 gives the following key results for the

growth of a three-wave parametric instability in an infinite, homogenous plasma

[Nishikawa, 1968]. Firstly, when the frequency mismatch (∆ω = ω0 − (ω1 + ωs))

and damping rates of both daughter waves are zero, the instability has maximum growth

rate given by the coupling constant γ0. Secondly, when ∆ω = 0 but both waves have
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finite non-zero damping, the growth rate is given by

γ = γ0

√
1 +

(
Γs − Γ1

2γ0

)2

− Γ1 + Γs
2

. (2.24)

This means that there is a threshold amplitude, caused by damping, for the pump laser

below which the instability cannot grow:

I > Ithreshold ∝ Γ1Γs. (2.25)

The final comment on this idealised solution is that we assumed X1, Xs � X0 in order

to begin solving for ω. However, the analysis presented above shows that X1, Xs will

grow exponentially for I > Ithreshold, which will soon make this assumption invalid.

When we consider more realistic situations such as: pump depletion; finite plasma

length; plasma density gradients; things become much more intractable.

Zooming out from the detailed groundwork provided by Nishikawa [1968], we now

present the main three-wave instabilities of concern to direct-drive inertial confinement

fusion. Table 2.1 shows the interactions in the form: “mother wave → daughter wave 1

+ daughter wave 2”. In Chapters 4, and 5 we focus entirely SRS. However, in Chapter

6 we also include the effect of mobile ions, and we observe in our simulations stimulated

Brillouin scattering and the Langmuir decay instability.

EMW1 → EPW + EMW2 Stimulated Raman Scattering

EMW1 → IAW + EMW2 Stimulated Brillouin Scattering

EMW1 → EPW1 + EPW2 Two-Plasmon Decay

EPW1 → EPW2 + IAW Langmuir Decay Instability

EMW → EPW + IAW The Parametric Instability

Table 2.1: Three-wave instabilities in direct-drive ICF. Left column: Quasi-formula,
right column: name. Canonical references for each of the instabilities include: SRS
[Forslund et al., 1975; Liu et al., 1974]; SBS [Forslund et al., 1975; Liu et al., 1974];
TPD [Liu and Rosenbluth, 1976]; LDI [Karttunen, 1981]; and the parametric instability
[Kruer, 1996].

2.2.3 Stimulated Raman scattering

Equipped with a general picture of the three-wave scattering processes driven by a large

amplitude laser in a plasma, we now look in detail at stimulated Raman scattering (SRS).

Stimulated Raman scattering is a three-wave instability in which a large-amplitude

pump wave (the laser) transfers energy to two daughter waves: a scattered light wave

and an electron plasma wave. Since the two SRS daughter waves must both have angular

frequencies greater than, or equal to, the electron plasma frequency, the frequency-
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matching conditions for SRS tell us that SRS can only happen at plasma densities

below ncr/4. Depending on the laser and plasma conditions, SRS can grow in three

ways: absolute SRS; convective fluid SRS; and convective kinetic SRS. In the rest of

this section, we cover absolute and convective fluid SRS.

Absolute SRS in a homogeneous plasma

Absolute SRS growth describes the exponential growth of the SRS daughter waves

in an infinite homogeneous plasma for a fixed real ~k and complex ω = x + iγ. The

daughter waves of an absolute instability grow such that at fixed x, the amplitude grows

exponentially in time. Forslund et al. [1975] outlines three regions of instability for

absolute SRS satisfying the matching conditions: ω0 = ωs + ωEPW and ~k0 = ~ks + ~kEPW.

The first is the undamped case with the imaginary part of the SRS EMW frequency

satisfying γ � ωpe, where the growth rate is given by the expression

γ0 =
~kEPW · ~vos

2
√

2

[
ω2
pe

ωEPW(ω0 − ωEPW)

]1/2
. (2.26)

This expression is known as the infinite homogeneous growth rate and it depends on

the pump laser intensity via

vos =
e

meω0
E0 =

e

meω0

√
2I0
cε0

. (2.27)

The infinite homogeneous growth rate has its maxima for the case of direct back-scatter,

but absolute SRS can also scatter forwards and sideways. In this thesis we are concerned

only with backwards SRS, which occurs in one dimension. From this point forward, we

will drop the vector notation for the wave-vectors.

The second case considered in Forslund et al. [1975] is the case where ∆ω = 0 and

the daughter waves have non-zero damping and the laser is slightly above the threshold

intensity, where the growth rate depends on the damping rates according to Equation

2.24. In this thesis, we will mostly be discussing SRS which arises in PIC codes where

the scattered light wave damping can be ignored (since collisional damping is extremely

weak at the temperatures considered, and our PIC simulations do not include collisions),

and the EPW damping is non-zero. For growth in a homogeneous plasma, with perfect

frequency matching, this has growth rate

γ = γ0

√
1 +

(
ΓEPW

2γ0

)2

− ΓEPW

2
, (2.28)

which can change as the EPW damping (the Landau damping rate) changes.
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Convective growth in a homogeneous plasma

In contrast to the absolute SRS instability, which grows exponentially in time at a fixed

x, the convective SRS instability grows exponentially in time in a co-moving frame at

the daughter EPW group velocity. This happens in a homogeneous plasma when the

electron plasma wave is strongly damped and we seek solutions for a fixed real ω and

complex ~k.

Convective growth in an inhomogeneous plasma

In an inhomogeneous plasma, such as the shock-ignition plasma corona, backward

SRS grows as a convective instability, up to the quarter critical density surface where

the growth is absolute. The local dispersion relations for the waves are functions of

density; therefore, the wave-number matching term κ(x) = k0(x) + ks(x) − kEPW(x)

is not constant as the waves amplify through the corona. At the point of perfect

resonance κ(xres) = 0, but as the daughter waves convect away from this resonant point

κ(x > xres) > 0. Once κ > 1/2 we consider the resonance lost.

Unlike in the purely temporal case of the three oscillators (Equation 2.18), we

now consider three waves with amplitudes which are functions of both space and time.

Following Nishikawa and Liu [1976], each of the three waves can be described by

amplitudes satisfying:

Xi(x, t) = X̃i(x, t)exp [i(kix− ωit)] , (2.29)

where the X̃i are assumed to be slowly varying in time and space compared to the inverse

frequency and inverse wavenumber. Equation 2.29 describes this so-called envelope

approximation. We also assume that the pump wave is uniform in space. Following

a similar analysis to Section 2.2.2, and defining a1(x, t), a2(x, t) to be normalised

amplitudes of the two daughter waves, we find can define the coupled envelope equations:

[
∂

∂t
+ Γ1 − vg,1

∂

∂x

]
a1 = γ0a2exp

(
i

∫ x

κ(x′)dx′
)

(2.30a)

[
∂

∂t
+ Γ2 − vg,2

∂

∂x

]
a2 = γ0a1exp

(
i

∫ x

κ(x′)dx′
)
. (2.30b)

Γ1,2 are the damping rates; a1,2 the amplitudes; and v1,2 the group velocities of the two

daughter waves. The integral term on the right-hand side models the de-phasing of

the resonance as the daughter waves convect away from the point of perfect resonance.

Considering the zero damping case with κ(x) ∝ x, the famous result of Rosenbluth

[1972] finds that the peak intensity of a parametrically unstable mode is given by:

I = I0exp
(
2πγ20/|κ′vg,1vg,2|

)
. (2.31)
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In this expression: I0 is the non-driven, thermal, source intensity; γ0 is the infinite

homogeneous growth rate; κ′ is the spatial derivative of the wavenumber mismatch; and

vg,1, vg,2 are the group velocities of the daughter waves.

A more precise definition of the convective amplification coefficient (a generalisation of

the Rosenbluth gain exponent) is given by Williams [1991]. In the WKB approximation,

the net growth factor on propagation through the resonant region is

exp
{

(2γ20/κ
′vg,1vg,2)

[
arccos(G)−G

√
1−G2

]}
, (2.32)

for G =
√

Γ1Γ2/γ0 ≥ 1. This formula reduces to the Rosenbluth formula when either

of the two daughter waves is undamped (G = 0). Furthermore, when the incident

laser intensity is such that the homogeneous convective growth threshold is not reached

(G < 1), William’s growth factor gives no amplification. In all the simulations presented

in this thesis, we assume that the back-scattered EMW is has ignorable collisional

damping and therefore the growth of SRS is described by the Rosenbluth gain exponent.

Saturation mechanisms

The possible saturation mechanisms for SRS include, but are not limited to: Langmuir

decay instability (LDI); wave-breaking; trapped-particle modulation instability (TPMI);

nonlinear frequency shift.

2.2.4 Stimulated Brillouin scattering

Stimulated Brillouin scattering SBS is another three-wave parametric instability in

which a large-amplitude pump wave (the laser) transfers energy to a scattered light

wave and an ion acoustic wave. Since the frequency of ion-acoustic waves is much less

than the laser frequency ω0, almost all of the energy is transferred to the scattered

EMW. In this thesis, SBS is important in the very low-density plasmas of Chapter 6, as

it causes pump-depletion which reduces the level of SRS.

In the weak-coupling limit, absolute back-scatter SBS has a temporal growth rate of

γ =
1

2
√

2

k0vosωpi√
ω0k0cs

(2.33)

[Forslund et al., 1975]. Where ωpi is the ion plasma frequency, given by:

ωpi =

√
Z2e2ni
ε0mi

, (2.34)

for Z the ion charge state. For a quasi-neutral plasma (ne ' Zni), the ion plasma

frequency and electron plasma frequency satisfy

ωpi =

√
Zme

mi
ωpe. (2.35)
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In an inhomogeneous plasma, SBS occurs as a convective instability below the critical

density surface, and can grow absolutely at n = ncr.

2.3 Kinetic theory of three-wave instabilities

In the previous section, we considered the non-linear coupling of three waves, each of

which locally satisfied dispersion relations derived from fluid theory. In this section, we

extend our analysis to consider particles which may be in resonance with the electrostatic

waves, and may extract energy from them. These wave-particle effects cannot be derived

from the fluid equations, and we must use the Vlasov equation.

2.3.1 Landau damping

Landau damping provides damping for electron plasma waves and ion-acoustic waves.

We have seen that the growth of SRS can depend on the damping rates of the two

daughter waves. Following Landau [1946], consider the resonant interaction between an

electron plasma wave and the electrons of the plasma that supports it. This system is

described by the collisionless Vlasov equation and Gauss’ Law in 1D:

∂f

∂t
+ v

∂f

∂x
=

q

m

∂φ

∂x

∂f

∂v
(2.36a)

∂2φ

∂x2
=

q

ε0

∫
dvf, (2.36b)

where f(x, v, t) is the electron distribution function and φ(x, t) is the electric scalar

potential which characterises the electric field of the EPW. Landau [1946] solves this

system as an initial value problem and looks for solutions to of the form f(v, t)exp(ikx).

We can separate the distribution function into an equilibrium component f0 and a small

perturbation f1 � f0. Moving to k-space and linearising, we get the linearised Vlasov

system:

∂f1
∂t

+ ikvf1 =
q

m
ikφ1

∂f0
∂v

. (2.37a)

φ1 =
q

ε0k2

∫
dvf1. (2.37b)

Taking Laplace transforms, rearranging, and transforming back, we get the following

dispersion relation:

ε(ω, k) = 1 +
ω2
pe

n0k

∫ ∞

−∞

∂f0/∂v

(ω − kv)
dv. (2.38)

Solutions for the perturbed quantities φ1(t, k), f1(t, k) require integrating expressions

with poles which are located at the zeros of ε(ω, k). Integrating along the Landau
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contour, we find that

ε(ωr, k) = 1 +
ω2
pe

n0k
P
∫

∂f0/∂v

(ω − kv)
− iπ

ω2
pe

n0k

(
∂f0
∂v

)

ωr/k

. (2.39)

Where P represents the Cauchy principal value of the integral and the imaginary term

is the residual at the pole. Setting ε(ω, k) = 0 and equating real and imaginary parts,

we find that the imaginary part of ω (the part which represents damping or growth) is:

γ =
πω2

pe

n0k

(
∂f0
∂v

)

ωr/k

. (2.40)

Equation 2.40 is known as the Landau damping rate since, in plasma which is initially

Maxwellian, ∂f0/∂v < 0, leading to damping of the waves.

Further to this, if we also assume the long wavelength limit (ω � kv) then we can

Taylor expand the denominator of the Cauchy principal value integral and integrate

term-by-term. Setting ε(ω, k) = 0, we recover the dispersion relation for electron plasma

waves from fluid theory:

ω2 ' ω2
pe + 3k2v2th. (2.41)

Landau damping is important in all the simulations presented in this thesis, as

it provides the damping for all the SRS-driven electron plasma waves. This, in turn,

accelerates particles and produces suprathermal electron populations. Furthermore,

when the EPWs are strongly Landau damped, stimulated scatterings develop between

the laser and other electronic modes. One example of this is stimulated electron acoustic

scattering (SEAS) which scatters laser energy from an electrostatic mode with frequency

ωpi < ω < ωpe, and is associated with strong electron trapping [Montgomery et al.,

2001].

2.3.2 Trapping and nonlinear frequency shift

Particles with velocities near the electron plasma wave phase velocity experience a

nearly-stationary potential associated with the wave. Such particles can become trapped

in the potential well of the EPW, and oscillate with a frequency the depends on the

EPW amplitude and wavenumber as:

ωB =

√
eEk

m
. (2.42)

Trapped electrons make two important contributions to the EPW behaviour. After

several bounce times (τB = 2πωb), the Landau damping rate tends towards zero.

Furthermore, the frequency shift which arises from trapped particles extracting energy

from the wave tends towards a steady-state, negative value. The steady state of the
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nonlinear frequency shift depends on the square-root of the EPW amplitude like so:

ωNL = η
√
|ñe|, (2.43)

where η is a positive parameter [Morales and O’Neil, 1972].

Both of these results can be explained in terms of the effect of the trapped particles

on the distribution function. After several bounce periods, particles trapped in a wave

with phase velocity vph cause a flattened region to emerge which has

(
∂f0
∂v

)

vph

= 0. (2.44)

From Equation 2.40, we see immediately that the Landau damping rate becomes

zero. Furthermore, inspection of Equation 2.38 shows that the contribution to the real

frequency from the region of phase space near the residual is now zero.

2.3.3 Inflationary stimulated Raman scattering

Stimulated Raman scattering (SRS) which takes place in the kinetic regime is often

called inflationary SRS (iSRS), and we will use this shorthand throughout the thesis.

The name “inflationary SRS” refers to the “inflation” of measures of SRS-activity (such

as the reflectivity) above the level predicted by fluid theory, often by many orders of

magnitude. The first experimental evidence of this effect can be been in Figure 5 of

Montgomery et al. [2002]. The kinetic effect responsible for inflationary SRS depends

on whether the coronal plasma is homogeneous (as is generally the case in LID) or

inhomogeneous (as in LDD).

For the case of a homogeneous plasma, there are two mechanisms by which infla-

tionary SRS has been shown to occur. The first is that the non-linear reduction in

Landau damping of the EPW increases the convective SRS growth rate [Vu et al., 2002].

Furthermore, if the Landau damping rate becomes effectively zero, this can lead to a

transition from convective to absolute growth [Wang et al., 2018].

In an inhomogeneous plasma, there are also two explanations for inflationary SRS.

For the case in which both daughter waves are initially damped, the theory of Williams

[1991] tells us that the inhomogeneous gain increases as the EPW damping decreases

(for fixed EMW damping). However, if the EMW is undamped, then the gain is

unaffected by the non-linear reduction in EPW Landau damping [Williams, 1991]. In

this case, it is the non-linear frequency shift which is responsible for the enhanced SRS

growth. The non-linear frequency shift can be such that it cancels out the wave-number

detuning caused by propogation up the plasma density gradient; this effect is known as

autoresonance [Chapman et al., 2012].
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2.3.4 Autoresonance

Autoresonance was proposed as an explanation for inflationary stimulated Raman

scattering in an inhomogeneous plasma by Chapman et al. [2010]. As we know, the

three-wave interaction is most efficient when frequency and wavenumber matching

conditions are satisfied, such that ω0 = ωs + ωEPW and ~k0(x) = ~ks(x) + ~kEPW(x).

However, as the SRS electron plasma wave is driven to large amplitude, its frequency

undergoes a nonlinear frequency shift which is proportional to the square-root of its

amplitude. Unless this effect is cancelled out by some other non-linear effect, the

resonance will become de-tuned, leading the SRS instability to saturate. In auto-

resonant SRS the amplitude of the EPW self-adjusts so that the non-linear frequency

shift cancels out the wavenumber mismatch. Figure 2.3 shows the autoresonant growth

of an SRS EPW in an EPOCH simulation, performed by the author to benchmark the

results of Chapman et al. [2012]. We can see that the density peturbation associated

with the EPW amplifies according to the relationship |δne/ne| = α(x − xr)2, where

α = (cLκ
′/ηnωL)2 and cL, ωL are the EPW group velocity and frequency, and ηn

describes the dependence of the non-linear frequency shift on density.
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Figure 2.3: Example of autoresonant growth in an EPOCH simulation with parameters:
nmin = 0.06ncrit; nmax = 0.17ncrit; Te = 4.5keV; nPPC = 10, 000; I0 = 2× 1015W/cm2.
Black dashed line calculated from the formula in Chapman et al. [2012].

2.4 Laser smoothing techniques

In this thesis, all simulations are performed in one dimension and the laser is modelled as

a plane wave. In ICF experiments, various techniques are used to increase the uniformity
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of the laser illumination. Figure 2.4 shows the most common two-step process: first the

laser is smoothed in space using random phase plates, this breaks up the large-scale

spatial phase variations which are present in the laser beam before focussing, into

smaller-scale “random” phase variations. These many small beamlets with random

phase variation create a speckle pattern at focus (as can be seen in Figure 2.4 (c)).

Secondly, the illumination at focus is smoothed in time by varying the speckle intensity

pattern using a dispersive optical element which introduces slight angle variations of

each wavelength in the laser spectrum Geissel et al. [2016]. This dispersive effect is

known as smoothing by spectral dispersion SSD, and was patented by Skupsky et al.

[1991]. We consider the effect of this smoothing by spectral dispersion(SSD) in Chapter

5.

Figure 2.4: Reprinted with permission from Montgomery [2016]. Three typical
laser focal spots: (b) without smoothing; (c) with spatial smoothing from a random
phase plate (RPP); and (d) with RPP and temporal smoothing from 1-D smoothing by
spectral dispersion (SSD).

2.5 Final remarks

In this chapter, we presented results from fluid theory, the dispersion relations, the

results of considering higher order terms in the fluid or kinetic theory of waves in a

plasma, and kinetic effects on the SRS EPW. In the SRS literature referenced in this

thesis, there is a significant confusion of language. For example, many papers refer to

the “linear theory of SRS”, referring to the theory derived from linearising the fluid

equations. However, it is clear that since SRS involves a coupling of three waves, it

is a non-linear process. From this point on, we will use the phrases “fluid theory of

SRS” and “kinetic theory of SRS” to delineate the regimes where SRS is well-described

without considering trapped particle effects (often called the linear theory of SRS).

In most cases, the distinction between the fluid and kinetic regimes of SRS behaviour

can be made by calculating the product of the local EPW wavenumber and the local

Debye length. In the fluid limit, the phase velocity of the EPW is much greater than the

thermal velocity (vth/vph � 1), and so a vanishingly small percentage of the particles

are resonant with the EPW. As the ratio vth/vph ' kEPWλD increases, kinetic effects
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control the evolution of the EPW. Figure 2.5 shows the how the dominant non-linear

effect on the electron plasma wave evolution depends on kEPWλD. The simulations in

this thesis cover a range of 0.1 < kEPWλD < 0.41.

Figure 2.5: Reprinted with permission from Kline et al. [2006]. Graphic repre-
sentation of different non-linear regimes for EPWs as a function of kEPWλD.
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Chapter 3

Methods

Many of the diagnostics presented in this chapter have been adapted from a large

repository of LPI diagnostics for EPOCH which was created by Alexander Seaton as

part of his PhD project “Particle-in-cell Simulations of Laser-Plasma Instabilities in

Shock-Ignition” [Seaton, 2019]. Since Alex left Warwick in September 2019, I have

become the main developer and maintainer for the repository.

This chapter introduces the reader to the particle-in-cell code EPOCH, which is used

to perform all the simulations presented in this thesis. We also explain the methods used

to turn EPOCH’s output into diagnostics better-suited to the problem of stimulated

Raman scattering in the kinetic regime.

3.1 The particle-in-cell method

The core components of a particle-in-cell (PIC) code are: a fixed spatial grid; finite-sized

particles; a solver that moves charged particles according to the Lorentz force law and

calculates currents due to this motion (the particle pusher); a solver which uses the

calculated currents to solve Maxwell’s equations on the grid (the field solver); plus field-

to-particle and particle-to-field interpolation routines [Birdsall and Langdon, 1991]. In

this section, we cover each of these aspects in turn. Figure 3.1 shows the computational

cycle of a typical PIC code, including the optional step of particle collisions, which are

not considered in this thesis.

3.1.1 Fixed spatial grid and finite-sized particles

One of the key features of a plasma is that there is a fundamental length scale over

which electrostatic fields arising from charge-carriers in the plasma are screened-out: the

Debye length. This means that we can make a major simplification in our modelling, and

use a spatial grid, rather than resolving fields to arbitray precision. It is not necessary

to resolve the Debye length in modern PIC codes, as the particle shape function ensures

stability of the algorithm even when the Debye length is under-resolved. However,

resolving the Debye length is a strong condition for avoiding numerical self-heating.
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Figure 3.1: Reprinted with permission from Tskhakaya [2008].

In practice, the use of higher-order shape functions and field smoothing can keep self-

heating at managable levels for even ∆x � λD [Arber et al., 2015]. Associated with

the spatial grid is a temporal grid, the timestep of which is chosen in EPOCH from

the Courant–Friedrichs–Lewy condition. For our simulations, which need to resolve the

speed of light, this means that ∆t ≤ c∆x.

There are many more particles in a real plasma than it would be computationally

possible to follow through the PIC cycle. As such, PIC codes consider “macro-particles”

which each represent many more real particles. The number of particles represented by

each macro-particle is called the weight [Arber et al., 2015].

Figure 3.2: Reprinted from Arber et al. [2015]. Yee staggered grid used for the
Maxwell solver in EPOCH.
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3.1.2 Field solver

The key point of a PIC simulation is that the system evolves self-consistently, this

means that every time the particles move we must calculate the electric and magnetic

fields generated by their new current densities. To calculate these new fields we need

to solve Maxwell’s equations (Equation 2.1). These are differential equations, which

means we can solve them using finite-difference methods, in which the full and partial

differentials are replaced by difference equations. In EPOCH, the electric and magnetic

fields are specified on a Yee staggered grid Yee [1966] (Figure 3.2) and are solved using a

finite-difference time-domain (FDTD) re-factoring of the leapfrog method like so: fields

are advanced one half time-step from n to n+ 1/2, using the currents from time-step n;

then the current is updated by a full time-step by the particle pusher to ~Jn+1; finally

the fields are updated from n+ 1/2 to n+ 1. An advantage of the FDTD method is

that all fields are defined at all full and half timesteps.

3.1.3 Particle push

The basic particle pusher acts to integrate the equations of motion for the charged

particles and then to accelerate the particles to new velocities, and to translate them

to new positions. EPOCH solves the relativistic equation of motion under the Lorentz

force, which can be written, for each particle, as a finite difference equation as so:

~pn+1 − ~pn = ∆tq
[
~En+ 1

2

(
~xn+ 1

2

)
+ ~vn+ 1

2
× ~Bn+ 1

2

(
~xn+ 1

2

)]
. (3.1)

Where ~p = γmv is the relativistic particle momentum. This equation can be solved

using the Boris algorithm [Boris and Shanny, 1973].

The second equation of motion can be solved using the following integrator:

~xn+ 3
2
− ~x1+ 1

2
= ∆t~vn+1. (3.2)

Together, these two equations form a second order leapfrog integrator; conventionally

understood to be the integrator with the best balance between accuracy, stability and

efficiency. The final step of the particle pusher is interpolating from the new particle

positions and velocities to new values of the current densities on the grid.

3.1.4 Interpolations

In order to use the field solver and particle pusher together, we need to be able to

interpolate between field values defined on the grid, and particle properties defined at

the particle locations. For example, the ~E and ~B fields are defined on the staggered

grid at cell vertices and cell face-centres, but the particles upon which the fields act can

have their centres anywhere in the cell. We therefore require a scheme that will allow us

to interpolate from grid quantities to particle quantities and vice versa. Following the

excellent summary provided in [Tskhakaya, 2008] for a general PIC code, we associate
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with the particles some shape function S(xi −Xj) where xi is a grid point onto which

the particle is interpolated and Xj is the particle position. As such, the contribution of

particle “j” to moments of the distribution function at grid point i can be written

Ami = ami S(xi −Xj), (3.3)

where m indexes the order of the moment (for example, A0
i = ni, a

0
i = 1/V , for V the

cell volume).

Figure 3.3 shows the two lowest order shape functions, the nearest grid point (NGP)

and linear weightings. In NGP weighting, we count the contribution of particles within

one cell width of grid point xi to the current density, and all particles outside the cell

width do not contribute. In linear weighting, we consider the contributions from the

two nearest cells, which produces a triangular particle shape

S0(x) =





1− |x|/∆x, |x| < ∆x/2

0, otherwise
. (3.4)

EPOCH uses the triangle shape function as default.

In EPOCH, the current is not actually calculated from moments of the distribution

function, rather it uses Esirkepov’s algorithm [Esirkepov, 2001] which always satisfies

∇ · ~E = ρ/ε0, guaranteeing charge conservation.

Figure 3.3: Reprinted with permission from Tskhakaya [2008]

Interpolation from fields, defined at grid points as ~Ei, ~Bi, to particle positions

operates in the same manner, using the same shape function as for the current density

interpolation.

3.1.5 EPOCH

The EPOCH (Extendable Particle-in-cell Open Collaboration) code is a Birdsall and

Langdon type [Birdsall and Langdon, 1991] particle-in-cell (PIC) code developed at

the University of Warwick. It is an MPI parallelised, explicit, and relativistic PIC

code which is controlled through a customisable input deck [Arber et al., 2015]. The

code has over 1,500 registered users, and is one of the standard PIC codes used by

plasma physics researchers. As such, the code has been well-tested. Alexander Seaton’s

doctoral thesis contains very detailed benchmarking of the code against the infinite
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homogeneous growth rates for stimulated Raman scattering with and without perfect

frequency-matching [Seaton, 2019].

3.2 Diagnostics

The EPOCH code produces outputs in terms of physical variables, for example, electric

and magnetic fields as functions of space and time. It can be useful to plot these directly,

however it is often more useful to process or transform these outputs before plotting. In

this section we cover: frequency-filtered diagnostics; and a method for quantifying the

inflation threshold intensity in certain SI coronal plasmas.

3.2.1 Frequency-filtered diagnostics

The core element of several diagnostics used in this thesis is the ability to separate the

Ey and Bz fields into different frequency components.

When SRS is measured in experiments, the value reported is the reflectivity: the

ratio of SRS-scattered light to incident laser light. For a 351nm laser beam, SRS is

typically measured in the 400–700nm band. In order to separate out scattered light

from laser light, we use a bandpass filter centred at ω0. Figure 3.4 shows a typical

electromagnetic frequency spectrum for the simulations considered in Chapter 4. The

red-shaded band represents the filter bandwidth of 0.3ω0. Following Chapters 14 and

16 of Smith [1997], we construct the bandpass filter by convolving a low-pass and a

high-pass filter. Since we want to separate frequencies, we use a windowed sinc filter

[Smith, 1997]. A low-pass sinc filter has frequency response given by

A(ω) =





1 ω ≤ ωc
0 ω > ωc,

(3.5)

where ωc is the cut-off frequency. Taking the inverse Fourier transform of this frequency

response gives the filter kernel, which is the sinc function sin(x)/x. In order to use

this filter kernel for digital signal processing, it must be truncated so that it has takes

non-zero values only on a finite domain. If the truncation is too abrupt, it will introduce

large ripples into the passband, meaning that desirable frequencies will not all be passed

with their correct amplitude, and ripples in the stop band, meaning that undesirable

signals will be unevenly attenuated. For this reason, the filter kernel is convolved with

a Hamming window, to recover a smooth frequency response. By combining a low-pass

and a high-pass windowed sinc filter, we can design a passband filter which has high

stopband attenuation and low passband ripple.

Applying this band-pass filter to the Ey(x, t) and Bz(x, t) signals attenuates all

frequencies that are not in the red band in Figure 3.4, leaving only frequencies in the

range 0.85ω0 ≤ ω0 ≤ 1.15ω0 which represent the transmitted laser light, and light

scattered by SBS (which has ωs ' ω0). We can define the “near-laser” Poynting flux
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Figure 3.4: Fourier-transform of Ey(t) at laser-entry boundary (back-scattered light
exit boundary). Before the application of the bandpass filter, we see two peaks: the
peak at 1.0 is the incident laser, and the broader peak around 0.55 is the light scattered
by SRS. The red shaded area represents the bandwidth of frequencies that will pass
through our filter, with all other frequencies being attenuated.

L(x, t) by calculating the Poynting flux S(x, t) = EyBz/µ0 of these filtered signals. We

can also define a “reflected” Poynting flux R(x, t) by subtracting the filtered signals

from the original signals, to recover all the light which is not near the laser frequency.

We can now construct several other signals like so:

� Transmitted light: L(x, t) averaged over cells close to the right-hand boundary

(typically 10 cells in this thesis).

� Backward-SRS scattered light: R(x, t) averaged over cells close to the left-hand

boundary.

� Forward-SRS scattered light: R(x, t) averaged over cells close to the right-hand

boundary.

� Backward-scattered SBS light: Incident laser power minus L(x, t) averaged over

cells close to the left-hand boundary.

Depending on the simulation, one must be careful ascribing these signals to particular

three-wave instabilities. For example, in Chapter 6, significant portions of the backward-

SRS scattered light undergoes backward-SRS again on its journey towards the left-hand

boundary. In such cases, the “rescattered” light may reach the right-hand boundary

and get reported as forward-SRS scattered light. In the simulations presented in this

thesis, none of the rescattered light reaches any boundary within the simulation time,

and so this is not a concern. Furthermore, depending on the plasma density, the filter

bandwidth of 0.3ω0 may be too wide and will let-through some of the scattered light
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signal. Once again, this is only a concern in Chapter 6 and is avoided by calculating the

scattered light frequency from fluid theory and adjusting the filter width accordingly.

3.2.2 Inflation threshold diagnostic

This diagnostic was developed for use in Spencer et al. [2020], in order to quantify an

intensity threshold past which SRS is enhanced by several orders of magnitude compared

to the predictions of fluid theory.

According to fluid theory, the growth of a parametrically unstable mode in an

inhomogeneous plasma is limited by the loss of resonance between the waves as they

propagate through the plasma and experience wave-number shift Rosenbluth [1972]. We

can formulate this inhomogeneous growth in terms of the Rosenbluth gain exponent

GRos = 2πγ20/|vg,1vg,2κ′|, (3.6)

where γ0 is the growth rate of the equivalent mode in a homogeneous plasma, vg,1, vg,2

are the group speeds of the scattered EM wave/EPW and κ′ is the x-derivative of

the wave-number mismatch κ(x) = k0(x)− ks(x)− kEPW(x) [Rosenbluth, 1972]. The

maximum intensity reached by a parametrically unstable wave which has grown from

noise at point x is then given by the expression Inoiseexp(GRos(x)). In order to calculate

the intensity of scattered light due to SRS, we substitute for k0, ks, kEPW using the

electromagnetic and Bohm-Gross dispersion relations in one dimension, to get:

dκ

dx
= −1

2

q2e
meε0

(
1

c2k0
− 1

3v2thkEPW
− 1

c2ks

)
dne
dx

. (3.7)

Substituting this back intoGRos with the growth rate for backward SRS in a homogeneous

plasma [Kruer, 2003],

γ0 =
kEPWvos

4

[
ω2
pe

ωEPW(ω0 − ωEPW)

]1/2
, (3.8)

gives an appropriate Rosenbluth gain exponent for calculating convective amplification

of back-scattered SRS light in our simulations.

We make several simplifying assumptions that allow us to estimate the maximal

scattered light intensity at a point in our simulation domain. Firstly, we neglect the

dependence of the scattered light velocity on space, and consider it to be fixed at c. This

means that we slightly over-estimate the amount of scattered light which is able to reach

the point x in time t. We also assume that the laser achieves its maximum intensity

starting at t = 0 rather than ramping up, as it does in the simulations. We neglect

collisional damping of the scattered EM waves and assume that the noise source Inoise

is homogeneous in the domain. Finally, we assume that the amplification described by

the Rosenbluth gain exponent occurs locally and instantaneously at the point of perfect
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matching (κ = 0), rather than across the resonance region defined by ` ∼ 1/
√
κ′. For all

the simulations presented in this paper ` < 6µm. The scattered light intensity is then

given by

I(x) =
1

Lx

∫ Lx

x
Inoiseexp(GRos(s))ds. (3.9)

The prefactor 1/Lx ensures that if GRos = 0, such that there is no growth, then the

back-scattered signal remains at the the noise intensity. The steady-state intensity of

SRS scattered light measured at the laser-entry boundary is then given by 〈ISRS〉 = I(0).

This model is limited to calculating the maximum reflected light ignoring the effects of

pump depletion.
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Chapter 4

Inflationary stimulated Raman

scattering in shock-ignition

plasmas

This chapter is adapted, with the permission of AIP Publishing, from:

� S. J. Spencer, A. G. Seaton, T. Goffrey, and T. D. Arber. Inflationary stimulated

Raman scattering in shock-ignition plasmas. Physics of Plasmas, 27(12):122705,

2020. doi: 10.1063/5.0022901. URL https://doi.org/10.1063/5.0022901.

In this chapter, results of one-dimensional (1D) particle-in-cell simulations are

presented, which show that inflationary SRS (iSRS) can occur in shock-ignition plasmas

and which characterise its threshold intensity in terms of the density scale length of the

coronal plasma. Inflationary SRS refers to the enhancement of SRS above the levels

predicted by fluid theory, caused by kinetic effects. The chapter begins with a review of

the previous work on inflationary SRS in homogeneous plasmas, where the effect was first

identified and understood. Then the case of iSRS in large-scale inhomogenous plasmas

is considered, and a description in terms of autoresonance is presented. The code and

initial conditions of the simulation are described, followed by a review of the signatures

of iSRS and how they manifest in an inhomogeneous plasma. Finally the dependence

of the inflationary SRS threshold intensity on density scale length for shock-ignition

parameters, and the saturation of the instability are explored. The conclusion discusses

the applicability of these results and ways to increase the experimental relevance of the

simulations.

The simulations in this chapter, and in the next two chapters, are greatly simplified

compared to the experimental conditions in which inflationary SRS arises. In most SI

experiments, the pulse length is on the order of nano-seconds (compared to the sub pico-

second timescale of iSRS). Our simulation times vary between one and ten pico-seconds,

plenty long enough to resolve the iSRS initial growth and “bursty” nonlinear behaviour,

but not long enough to include additional effects from ion dynamics. Furthermore,
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our simulations are limited to one spatial dimension, which removes the potential

contribution to experiment-scale dynamics of sideways SRS; two-plasmon decay; and

spatial detrapping of electrons out of the SRS electron plasma waves.

4.1 Motivation and literature review

4.1.1 Homogeneous plasmas

Inflationary SRS has been studied extensively in the low-density homogeneous plasmas

relevant to indirect-drive ICF on the NIF [Ellis et al., 2012; Strozzi et al., 2007; Vu

et al., 2002, 2007; Yin et al., 2006, 2008, 2012]. In attempting to explain experimental

measurements of large SRS-reflectivities at high values of kEPWλD [Fernández et al., 2000;

Montgomery et al., 2002], it was suggested that some mechanism caused a reduction

in the Landau damping rate by four to five times, compared to the damping for a

Maxwellian plasma [Montgomery et al., 2002]. Anomalously large SRS-reflectivities

were recreated in simulations [Vu et al., 2001, 2002], and were explained by reference

to O’Neil’s 1965 model of reduced EPW damping caused by electron-trapping [O’Neil,

1965]. In homogeneous plasmas, iSRS occurs when an SRS EPW grows to a point

where it can trap electrons for one complete bounce period or longer, without them

becoming de-trapped due to velocity-space diffusion or side-loss [Vu et al., 2002]. This

trapped electron population leads to modification of the distribution function, in the

form of a locally flattened region around the EPW phase velocity. This translates to a

modification of the dielectric properties of the plasma, resulting in a reduction in the

EPW’s associated Landau damping rate [O’Neil, 1965; Vu et al., 2002], and increased

SRS growth.

Key results of previous studies of inflationary SRS in homogeneous plasmas include:

a theory for the saturation of iSRS in terms of EPW bowing and the trapped-particle

modulation instability [Yin et al., 2008]; the derivation of an inflation threshold intensity

in terms of competition between trapping in the EPW and diffusion in velocity space

[Vu et al., 2007]; and the description of iSRS in terms of a transition from convective to

absolute growth [Wang et al., 2018]. Inflationary SRS has also been identified as an

important mechanism in simulations with ensembles of laser speckles [Winjum et al.,

2019; Yin et al., 2012].

4.1.2 Inhomogeneous plasmas

In the large-scale inhomogeneous plasmas associated with shock-ignition (Ln ' 300−
1000µm) the mechanism and effects of inflationary SRS have received much less attention.

The few papers which do refer to iSRS in SI inhomogeneous plasmas assume that the

explanation of iSRS in a homogeneous plasma in terms of reduced Landau damping

also applies to iSRS in an inhomogeneous plasma. However, iSRS in an inhomogeneous

plasma actually happens by a different mechanism. In the case of a homogeneous plasma,

36



reduced Landau damping due to electron-trapping in the EPW leads to an increase of

the SRS growth rate which, if sufficiently large, can cause a transition from convective

to absolute growth [Wang et al., 2018]. For an inhomogeneous plasma with a linear

density profile, where the growth of SRS is always convective, the reduction in Landau

damping associated with trapping in the EPW has no net effect on the convective gain

unless the daughter EMW is also damped [Williams, 1991].

While the local SRS growth rate may depend on the EPW damping rate in an

inhomogeneous plasma, the region of SRS convective growth is also extended, leading

to a net Rosenbluth gain [Rosenbluth, 1972] which is independent of Landau damping

[Liu and Tripathi, 1994; Williams, 1991]. We therefore look to another non-linear effect

caused by the trapped electrons in the SRS EPW, the non-linear frequency shift [Morales

and O’Neil, 1972]. In an inhomogeneous plasma, the frequency shift resulting from

electron-trapping can compensate for the wave-number mismatch on propagating up

the density gradient, thereby allowing growth over a larger region - an auto-resonance

[Chapman et al., 2010, 2012]. Chapman et al. [2012] proposed this theory for iSRS in an

inhomogeneous (Ln . 100µm) plasma close to the hohlraum wall in indirect-drive ICF.

They demonstrated the auto-resonant interaction between the non-linear frequency shift

associated with electron-trapping in EPW and the wave-number mismatch caused by

plasma inhomogeneity; which allows larger SRS gain [Chapman et al., 2012].

Inflationary SRS has been suggested as the cause of SRS from low densities in

simulations of LPI in shock ignition [Klimo et al., 2014]. Sub-scale shock-ignition

experiments have detected SRS scattered light from densities 0.09− 0.16ncr, where the

inflationary mechanism should be important [Cristoforetti et al., 2017]. Recent full-

scale (Ln > 500µm, Te = 5keV) directly-driven experiments have detected significant

SRS-reflected light from densities 0.15 − 0.21ncr [Rosenberg et al., 2020]. Another

full-scale (Ln = 450µm, Te = 4.5keV) SI experiment measured SRS-reflected light from

densities between 0.05 − 0.15ncr. Under the conditions of the experiment, kEPWλD

ranges from 0.3 − 0.6 and the measured SRS is assumed to be inflationary in origin

[Baton et al., 2020]. For a single laser speckle in an inhomogeneous plasma with density

scale-length Ln ' 70µm, Riconda et al. [2011] demonstrated that iSRS was associated

with electron-trapping in the EPW. By varying a0 = eE0/cmeω0 from 0.03 to 0.06, i.e.

an increase in laser intensity from 1.0× 1016W/cm2 to 4× 1016W/cm2, they showed a

transition to iSRS.

4.2 Code and initial conditions

As described in Chapter 3, all simulations are performed using the EPOCH [Arber

et al., 2015] particle-in-cell code. The simulation parameters are chosen to achieve

our primary aim of identifying plasma parameters where iSRS may occur; which does

not require large simulations of the entire LPI system. The simulations all used a

domain size of Lx = 100µm and ran to Tend = 2ps with 2048 particles per cell (PPC)
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for the electron species. We treat the ions as a neutralising background population,

since we simulate only a two pico-second interval of SRS development, during which

ion dynamics will not become important [Rousseaux et al., 2006]. For the plasma

parameters laid out above, electron-ion collisions occur on a characteristic timescale

of approximately 7ps at the highest density probed, 0.22ncr. Since the inflationary

Raman process we are investigating takes place on a sub-picosecond timescale, we do

not include collisions in our simulations. The plasma density profiles are given by the

expression n(x) = nminexp(x/Ln) and can be seen in Table 4.1.

Ln/µm nmid/ncr (nmin, nmax)/ncr (kλDmin , kλDmax)

300 0.15 (0.13, 0.18) (0.28, 0.37)

500 0.12 (0.11, 0.13) (0.37, 0.41)

500 0.15 (0.14, 0.17) (0.29, 0.35)

500 0.20 (0.18, 0.22) (0.21, 0.27)

1000 0.15 (0.14, 0.16) (0.31, 0.32)

Table 4.1: Summary of density profiles and kEPWλD values in each simulation. Ln =
ne/(dne/dx) evaluated at nmid. For all but the case centred at 0.2ncr, kEPWλD > 0.28
and we are in the strongly kinetic regime. The total range of kEPWλD probed is 0.21-0.41.

We simulate a frequency-tripled Nd:glass laser with vacuum wavelength λ0 = 351nm,

polarised in the y-direction. The laser intensity was varied in 20 logarithmically evenly-

spaced increments between 1014W/cm2 and 1016W/cm2, with a half-Gaussian temporal

profile followed by a flat top, and a rise-time of 50 laser periods. We use absorbing

boundaries for the fields and thermal for the particles; these replace any particle leaving

the simulation with an incoming particle with velocity consistent with a Maxwellian

plasma based on the initial temperature of 4.5keV.

EPOCH uses a pseudorandom number generator (PRNG) to generate the initial

particle distribution. Each simulation was repeated 10 times with a different PRNG

seed, allowing us to determine the sensitivity of SRS to plasma fluctuations. This

allowed us to calculate the mean and standard deviation of the intensity of the light

scattered through SRS.

SRS amplifies fluctuations in the plasma, and so is sensitive to number of particles

per cell used in the simulation, as can be seen in Figure 4.1. In this figure, the intensity

of SRS back-scattered light (denoted in this chapter by 〈ISRS〉) is plotted against the

incoming laser intensity I0 ranging between 0.4− 4.0× 1015W/cm2 for a homogeneous

plasma with ne = 0.15ncr, Te = 4.5keV, for different numbers of particles per cell. At

low incident intensity, 〈ISRS〉 is inversely proportional to the number of PPC used.

This is as we would expect for the case of simple convective amplification [Rosenbluth,

1972] of the product of two quantities (Ey, Bz) which vary as background PIC noise,

which is proportional to 1/
√

PPC. The upper saturated level of 〈ISRS〉 is robust to the
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PPC

Figure 4.1: Time-averaged intensity of SRS scattered light for a homogeneous simulation
(ne = 0.15ncr, Te = 4.5keV) with different numbers of particles per cell. Relative errors
are given by one standard deviation of the SRS scattered light intensity as calculated
from ten simulations.

number of PPC for PPC > 100. The transition between these two levels represents the

change from standard convective amplification of SRS to enhanced growth of SRS due

to trapping (inflationary SRS), hence we call this the inflation threshold. The existence

of an inflation threshold is also robust to the number of particles per cell for PPC > 100.

In the region containing the inflation threshold, the error associated with the intensity

of SRS scattered light is largest. This suggests that inflationary SRS is very sensitive

to the initial distribution of particles in the simulation domain, and that a statistical

analysis of the mean and standard deviation of intensity across different random seeds

will be important if we are to determine the iSRS threshold intensity accurately.

4.3 Diagnosing iSRS in inhomogeneous plasmas

If we wish to be sure that the SRS in our simulations is, indeed, inflationary SRS

then we should check that it shows signatures which are different from those of fluid

convective SRS. Three signatures of inflationary SRS observed in the literature for

homogeneous plasmas are: a threshold intensity past which scattering of laser light is

enhanced above the level predicted by fluid theory [Vu et al., 2007]; electron-trapping in

the SRS EPWs leading to local flattening of the distribution function at the EPW phase

velocity [Vu et al., 2002]; and the growth of down-shifted SRS EPWs and a continuum

of beam-acoustic modes (BAMs) [Yin et al., 2006]. In what follows we show that all

of these signatures are also present for iSRS in an inhomogeneous plasma, despite the

instability arising by a different mechanism.
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4.3.1 Inflation threshold

We consider first the existence of a threshold intensity past which SRS growth is

enhanced, by several orders of magnitude, above the predictions of fluid theory; this

has been seen in experiments [Kline et al., 2006] and simulations [Riconda et al., 2011;

Vu et al., 2002, 2007; Yin et al., 2006].

In order to identify kinetic inflation of the SRS scattered light intensity in our PIC

simulations, we use the simple fluid model presented in Section 3.2.2 to calculate and

compare the intensity of SRS scattered light in the absence of kinetic effects. The red

circular markers in Figure 4.2 show the results of applying this method to the case of

a 500µm density scale-length plasma, with the density profile centred at 0.15ncr, for

incident laser intensities ranging from 1014 − 1016W/cm2. The blue triangular markers

show the intensity of SRS scattered light calculated from the equivalent kinetic EPOCH

simulations. The relationship between the kinetic and fluid results changes as the

incident laser intensity increases. At low intensities the fluid and kinetic models are

well matched, but not identical. Continuing this analysis to intensities < 1013W/cm2

(well below those relevant to shock-ignition) shows that the two methods converge for

low intensities, where the behaviour is purely fluid. Once the incident laser intensity

exceeds Ithreshold ∼ 1.4× 1015W/cm2, the intensity of SRS scattered light measured in

the kinetic simulations exceeds the fluid prediction by between one and three orders

of magnitude, until the intensity reaches I0 = 1016W/cm2. In the fluid model, 〈ISRS〉
is a smooth function of incident laser intensity and we cannot define such a threshold

intensity. This implies that kinetic effects in our simulations are responsible for the

increase in 〈ISRS〉 and that we have observed iSRS. The fluid estimate shows no sign

of saturating at high intensities, since the Rosenbluth gain formula used is based on

unbounded linear SRS growth over the resonance region ` and the model does not

include pump depletion.

By constructing plots such as these, which show the fully kinetic PIC results alongside

results from our simple fluid model, we are able to identify the iSRS threshold as the

point past which the kinetic and fluid models differ by at least one order of magnitude.

4.3.2 Electron trapping

A second signature of iSRS, as reported in the literature for homogeneous plasmas, is

electron-trapping in the SRS electron plasma waves, leading to a non-linear frequency

shift and enhanced SRS-reflectivies at large kλD [Vu et al., 2002]. A typical manifestation

of this, for our inhomogeneous simulations, is shown in Figure 4.3. Figure 4.3 shows the

instantaneous SRS-reflectivity measured at the left boundary of the simulation domain

(a,c), alongside the box-averaged electron distribution function at four times (b,d), for

two simulations with laser intensities above and below the iSRS threshold. Sub-figures

4.3 (a,b) show that, when driven below threshold, the distribution of electron momenta

is Maxwellian throughout the simulation, and that the maximum instantaneous power
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Figure 4.2: Blue triangular markers show the intensity of SRS scattered light calculated
using the fully-kinetic EPOCH code for parameters: Ln = 500µm and nmid = 0.15ncr.
Red circular markers show the intensity of SRS scattered light calculated, for the
same plasma parameters, from the fluid model presented above. The initial noise
level in the fluid model was calculated from a PIC simulation without the laser driver:
Inoise = 〈EyBz〉x,t/µ0 = 8× 1010W/cm2.

in SRS-reflected light is consequently very low (P ∼ 10−3P0). In sub-figures (c,d),

where the incident laser intensity is well above the iSRS threshold, we see that the

power in SRS-reflected light is correlated with the growth of a non-Maxwellian tail in

the distribution function, corresponding to an electron population trapped in the SRS

electron plasma waves. There is a general trend of increasing SRS-reflected light that

correlates with the increasing trapped electron population.

4.3.3 Nonlinear frequency shift

Electron-trapping in the SRS-driven EPW causes a time-dependent non-linear frequency

shift of the EPWs [Kline et al., 2006; Morales and O’Neil, 1972], and the growth of a

sequence of beam-acoustic modes [Yin et al., 2006]; this is the third signature of iSRS.

Figure 4.4 shows the spatially resolved frequency spectra of EPWs (a,c) and EMWs

(b,d) at 0-0.7ps (a,b) and 1.5-1.9ps (c,d). In panels (a,b), the signal maxima sit very

close to the white dashed line, which represents the frequencies predicted by the SRS

matching-conditions for the original Maxwellian plasma. This means that, at early

time, the SRS EPWs and their associated back-scattered light waves are excited at the

frequencies matching those of the linear theory without trapping. They are slightly

down-shifted from the analytical prediction, which suggests that the trapping becomes

important almost immediately in our simulations. At later time, Figure 4.4 (c) shows

that the EPW spectrum is down-shifted in frequency at every location in the simulation

domain, including to frequencies below the plasma frequency for the original Maxwellian
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Figure 4.3: Time-resolved comparison of SRS-reflectivity (a,c) and electron distribution
functions (b,d) for two simulations with parameters: Ln = 500µm; centred at 0.15ncr;
and Te = 4.5keV. The distribution function of electron momentum is averaged over
the entire spatial domain at four times, normalised to the initial thermal momentum.
Panels (a,b) have an incident laser intensity below the threshold for inflationary SRS;
I0 = 1.13× 1015W/cm2. Panels (c,d) have an incident laser intensity above the iSRS
threshold; I0 = 4.83× 1015W/cm2. For these simulations vph/vth is in the range 3.59 to
4.02.

plasma (orange solid line). This is evidence of a large trapped particle population

removing energy from the wave, causing the frequency of the wave to decrease such

that energy is conserved [Morales and O’Neil, 1972]. We also note that in Figure 4.4 (d)

the back-scattered light spectrum is up-shifted in frequency space, so as to maintain

frequency matching. As well as obvious up-shift of the electromagnetic spectrum, we

can also see more general broadening as we move from Figure 4.4 (b) to (d). This

could be caused by waves from a higher density propagating to smaller x, so that at a

particular location the spectrum covers waves from a range of densities.
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Figure 4.4: Top panels show the spectra of electrostatic (a) and electromagnetic (b)
waves over the period 0− 0.7ps. The white (orange) dashed lines represent the linear
predictions for the spectra of backward (forward) SRS. The bottom panels show the same
spectra calculated over the period 1.5− 1.9ps. The Ex (Bz) spectrum is significantly
down-shifted (up-shifted), demonstrating a trapped population of electrons in the EPW
[Yin et al., 2006]. The orange solid line represents the plasma frequency ωpe for the
simulation parameters: Ln = 500µm centred at 0.15ncr and I0 = 4.83× 1015W/cm2.

4.3.4 Beam acoustic modes

Further evidence for a large trapped particle population can be seen in the growth

of a beam acoustic mode in the electrostatic (ω, k) spectrum. Figure 4.5 shows the

electrostatic dispersion relation from a simulation; it is calculated by taking a 2D Fourier

transform of the Ex field over the entire spatial domain, and over two distinct time

intervals. At early time, shown in Figure 4.5 (a), electron plasma waves are excited,

from background noise, between the two white dashed curves. These represent the

Bohm-Gross dispersion relations ω2
EPW = ω2

pe + 3v2thk
2
EPW for the highest density in the

domain (top line) and the lowest density (bottom line). According to fluid theory, SRS

will grow where the Stokes branch, defined by (ω − ω0)2 = ω2
pe + c2(k − k0)2, intersects

with this dispersion curve. This fluid-SRS signal can be seen in Figure 4.5 (a).

The right hand panel of Figure 4.5 shows the EPW dispersion relation calculated

from the simulation between 1.2 − 1.9ps. Inspection of the distribution function in

Figure 4.3 shows that, at these times, the distribution function is modified from the
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a) 0 - 0.8 ps b) 1.2 - 1.9 ps

Figure 4.5: (a) 2D FFT of Ex over the period 0− 0.8ps. (b) 2D FFT of Ex over the
period 1.2− 1.9ps. The white dashed lines represent the analytical dispersion relations
corresponding to the minimum (bottom line) and maximum (top line) plasma densities,
assuming a Maxwellian electron distribution. The pink dashed line shows the Stokes
line for down-shifted EM waves. Simulation parameters: Ln = 500µm centred at 0.15ncr
and I0 = 4.83× 1015W/cm2.

initial Maxwellian and has a large flattened region, which acts as an effective beam

population [Yin et al., 2006]. According to linear theory, this change in the distribution

function f changes the kinetic dispersion relation for the electrostatic waves in the

system, defined by: ε(ω, k) = 1 − q2e
ε0mek

∫ ∂f/∂v
v−ω/kdv = 0. This change in the dielectric

properties of the plasma is realised in the (ω, k) spectrum as a continuum of beam

acoustic modes [Yin et al., 2006], this is the large spectral feature in the right hand

panel of Figure 4.5 that sits strictly below the Bohm-Gross dispersion curves. These

beam acoustic modes are frequency downshifted, recovering the result from Morales

and O’Neil’s non-linear analysis[Morales and O’Neil, 1972]. The maximum of the BAM

signal at k ∼ 1.5k0 is the intersection of the BAM with the Stokes branch, the new

location of SRS growth.

We can also see in Figure 4.5 (b) a signal at k ∼ 0.5k0 which sits on the intersection

of the Stokes branch with the range of EPWs satisfying the Bohm-Gross dispersion

relations. This represents forward-scattered SRS EPWs, which have not undergone a

significant frequency shift. For all the simulations presented in this paper, when driven

above threshold, the power in forward SRS scattered light is of the order P ∼ 10−3P0

or lower, and is therefore energetically unimportant.

4.4 Intensity threshold and hot electron scaling

Using the method developed in Section 4.3 for locating the inflation threshold, and the

analysis of electron trapping and downshifted EPWs to ensure that the SRS observed is

inflationary in origin, we investigate how iSRS depends on various plasma parameters
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relevant to shock-ignition. Using the PIC simulation set-up as in Section 4.2 (with

the same simulation domains, plasma densities, and temperatures), we varied the

plasma density scale-length across the range of values predicted for shock-ignition

(300µm− 1000µm) [Ribeyre et al., 2009]. As well as varying the density scale-length,

we also centred the density profiles at different values of density. Figure 4.6 shows the

result of this parameter scan.
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Figure 4.6: (a) Relationship between incident laser intensity and the intensity of SRS
scattered light for three different density scale-lengths, with plasma density profiles
centred at 0.15ncr. (b) Relationship between incident laser intensity and the intensity
of SRS scattered light for three simulations with Ln = 500µm centred at three different
densities. Each coloured dashed line represents the prediction of the fluid model
presented in Section 4.3 for the same parameters as the solid line of the same colour.

From Figure 4.6 (a) we see that as the density scale-length of the SI coronal plasma

decreases, the intensity threshold for iSRS increases. Vu et al. [2007] derived a condition
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Figure 4.7: (a) Hot electron flux through the right boundary in three simulations with
parameters: I0 = 2.98 × 1015W/cm2; nmid = 0.15ncr; Ln = 300, 500 , 1000µm. (b)
Hot electron flux through the right boundary in three simulations with parameters:
I0 = 6.16 × 1015W/cm2; Ln = 500µm; nmid = 0.12, 0.15, 0.20ncr respectively. Each
distribution is normalised to its maximum value. The smooth b lack line corresponds
to the equivalent flux for a Maxwellian distribution with Te = 4.5keV, for comparison
with the bulk plasma.

for the kinetic inflation threshold of SRS in a homogeneous plasma. They showed that

the magnitude of the trapped electron potential energy in the EPW must be greater

than or equal to the energy gained by a particle in one complete trapped orbit due to

velocity diffusion in the background plasma fluctuations. This ensures that trapping

remains for at least one bounce period.

No such analytic threshold has been derived for an inhomogeneous plasma. However,

when Ln is smaller the inhomogenous gain is smaller and the amplitude reached by
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convective amplification of the SRS EPW is lower for the same intensity. Hence SRS

in a shorter density scale length plasma is less likely to generate EPWs with sufficient

amplitude for electron trapping effects to trigger the transition to iSRS.

Figure 4.6 (b) shows the measured intensity of SRS scattered light in three sets

of simulations with density profiles centred at 0.12, 0.15, 0.20ncr, chosen so that the

density ranges do not overlap (see Table 4.1). As the central density decreases, the

intensity threshold for iSRS increases. As for the case of varying scale-lengths changing

the threshold, this can be explained in terms of the Rosenbluth gain [Rosenbluth, 1972].

For a fixed density scale-length, as the density decreases, the Rosenbluth gain exponent

also decreases. This means that the fluid gain through convective SRS is reduced. Hence

SRS at a low density is less likely than that at higher density to generate EPWs with

sufficient amplitude for electron trapping effects to trigger the transition to iSRS. For

the parameters of Figure 4.7 (b) with I0 = 6.16 × 1015W/cm2, the Rosenbluth gain

exponent increases from ∼ 1 to ∼ 12 as the densities increase.

As well as understanding how the density scale-length of the plasma and the density

at which iSRS is driven affects the iSRS threshold, we would like to understand how

these factors affect the hot electron population. We consider three simulations from

Figure 4.6 (a) with I0 = 2.98 × 1015W/cm2, and three from Figure 4.6 (b), with

I0 = 6.16 × 1015W/cm2. Figures 4.7 (a,b) show the hot electron population in these

simulations, in the form of histograms for the electron flux through the right boundary.

Figure 4.7 (a) shows the electron distribution function resulting from iSRS for three

density scale-lengths. These are for a laser intensity above the onset threshold for iSRS

but below an intensity which would lead to saturation. All results are for the same

central density. The most prominent difference is that the peak electron energy increases

with decreasing density scale-length. This results from the fact that the shorter density

scale-length simulation access a higher peak density since the simulation domain size is

the same for all three cases. The SRS matching conditions for these higher densities

result in a higher phase speed of driven EPWs. Solving the SRS matching conditions

for these densities, we find that the hot-electron energies calculated from the phase

velocities are between 35− 50keV for all three cases.

Figure 4.7 (b), however, shows a clear dependence of the hot electrons from iSRS on

density. As the density increases the maximum hot- electron kinetic energy also increases

in line with the increase in SRS EPW phase velocities. Over the 2ps of the simulations

the fraction of incident laser energy converted into hot-electrons with energy > 100keV

are: 0, 0.002, and 0.15 for the 0.12, 0.15, 0.20ncr densities. For the density scale-lengths

Ln = 300, 500, 1000µm the fractions of incident laser energy converted into > 100keV

hot- electrons are: 0.005, 0.001 and 0 respectively.
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4.5 Saturation

Several saturation mechanisms for iSRS in PIC simulations have been proposed, de-

pending on the physical mechanisms present in the simulation. For simulations in 1D

with immobile ions, there are three possible saturation mechanisms for SRS undergoing

autoresonance: wave-breaking of the plasma wave; pump depletion of the laser driver;

and frequency shift such that the autoresonance condition is no longer satisfied. In

simulations with mobile ions and in higher dimensions, additional saturation mechanisms

have been identified for iSRS in a homogeneous plasma. These additional saturation

mechanisms are: Langmuir decay instability (LDI); wavefront bowing of the EPW; the

trapped particle modulation instability (TPMI); and self-focusing [Yin et al., 2007].

We can eliminate EPW wave-breaking as the saturation mechanisms in our simula-

tions as the maximum normalised EPW energy well below the wave-breaking limit in

all cases. Take, for example, the simulation corresponding to I0 = 7.83× 1015W/cm2

on the red curve of Figure 4.6 (a). We can calculate the wave-breaking limit across

the density range to be EWBe/mecω0 = 0.024− 3.52; but the maximum EPW energy

in the simulation is EEPWe/mecω0 = 0.0056, well below the limit. Figure 4.8 shows

the Poynting flux of the scattered light (a) and incident laser (b) for a simulation

with intensity in the saturated regime (I0 = 7.83× 1015W/cm2). We can see complete

depletion of the pump correlated with the maximum intensity of scattered light first at

approximately x = 45µm, t = 0.8ps. It is interesting to note that iSRS at low densities

is depleting the pump before it can reach higher densities, where the growth of SRS

would be even greater.

(a) (b)

Figure 4.8: (a) Poynting flux of scattered light (b) laser energy, showing significant
depletion of the pump. Simulation parameters: Ln = 500µm centred at 0.15ncr and
I0 = 7.83× 1015W/cm2.

4.6 Conclusion

Inflationary SRS has been detected in PIC simulations of a inhomogeneous plasmas

with parameters relevant to the shock-ignition model of ICF. This study demonstrates
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an iSRS threshold Ithreshold . 5 × 1015W/cm2 across the whole range of parameters

tested and that the location of this threshold depends on the density scale-length Ln.

For the case with Ln = 500µm and I0 = 4.83× 1015W/cm2 significant iSRS would occur

at 0.15ncr generating hot-electrons with mostly < 100keV energies and depleting the

laser drive available at higher densities. This is potentially beneficial to shock-ignition

in that these electrons are likely to enhance the ignitor shock and prevent significant

SRS at higher densities, potentially absolute at 0.25ncr. SRS at higher densities is likely

to generate electron distributions with a higher percentage of > 100keV electrons than

that from iSRS at lower densities. These results suggest that a potential route to use

iSRS to the advantage of shock-ignition, assuming all SRS cannot be removed by other

means, would be for the shock ignitor pulse to have the largest possible amplitude.

This would ensure significant iSRS at lower densities and generate only hot-electrons

with energies below 100keV. This in turn would pump deplete the laser reducing

SRS at higher densities which could generate hot-electrons with energy above 100keV.

These conclusions are however only valid for the restricted 1D, collisionless simulations

presented in this paper and more detailed simulations, as outlined below, would be

needed to fully assess the hot-electron distribution and its impact on SI schemes.

The simulations presented in this chapter highlight the importance of a thorough

investigation of iSRS for any shock-ignition plans. These results are however a first

study of the plasmas parameters where iSRS may occur. A full theoretical investigation

of the potential impact of iSRS on shock-ignition will require significantly larger scale

simulations. Of particular importance are multi-dimensional effects and laser speckle

profiles. These would allow the competition between SRS and TPD as sources of

hot-electrons to be assessed in two and three dimensions. The transverse non-uniformity

associated with multi-dimensional effects is likely to affect iSRS through trapped electron

side losses and a broader spectrum of EPWs resulting from side-scatter and TPD.

Furthermore, the auto-resonance responsible for iSRS in these simulations may not be

possible when a full speckle profile is included; since the extension of the resonance region

may take the resonant waves outside of an individual speckle. The use of broadband

laser systems to mitigate LPI will also need to be assessed in the kinetic regime of iSRS.

All of these refinements to iSRS simulations will require considerably more computing

resources but are none-the-less needed for a comprehensive treatment of LPI relevant to

shock-ignition.
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Chapter 5

Effects of laser bandwidth on

inflationary stimulated Raman

scattering

In this chapter, results of one-dimensional PIC simulations are presented, which represent

the first investigation into the practical possibility of using broadband to suppress

inflationary SRS in shock-ignition. The chapter begins with a review of the literature

discussing suppression of SRS by broadband lasers. We then show that for a decoupled

broadband laser, as defined by Zhao et al. [2017b], the non-linear frequency shift arising

from kinetic effects must be taken into account when calculating the condition for

suppression of iSRS. Next we consider the case of realistic shock-ignition schemes on two

laser systems: frequency-tripled Nd : glass; and Argon Fluoride (ArF). In each of these

cases we model the predicted maximum realistic bandwidth in its physically-correct

functional form. The chapter concludes with a discussion of the limitations of the

modelling done so far, and suggestions for future work.

N.B. In this chapter, bandwidths are given in units of tera-Hertz (THz) since this is

standard in the literature. This can be converted to radians per second through the

relation ∆ω = 2π∆f .

5.1 Motivation and literature review

Early results in the 1970s suggested that finite-bandwidth laser drivers could change

the behaviour of parametric instabilities, by disrupting the three-wave coupling. These

studies considered a variety of parametric instabilities, including: the parametric decay

instability [Thomson and Karush, 1974]; stimulated Brillouin scattering [Kruer et al.,

1973]; and stimulated Raman scattering [Raymer et al., 1979]. Recently, broadband

suppression of parametric instabilities has, once again, become a fashionable topic of

discussion, as it has been shown in simulations to be effective in suppressing cross

beam energy transfer [Bates et al., 2020] and the absolute forms of stimulated Raman
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Absolute SRS Convective fluid
SRS

Inflationary SRS

Decoupled broad-
band laser

Zhao et al. [2017a] Zhao et al. [2019] ?

Sinusoidal fre-
quency modulation

Zhao et al. [2015] Wen et al. [2021] Wen et al. [2021]

Random phase
modulation

Kruer et al. [1973] Guzdar et al. [1991] ?

Random amplitude
modulation

Thomson and
Karush [1974]

Guzdar et al. [1991] ?

Table 5.1: Reference table for the effect of broadband on stimulated Raman scattering.
Four types of bandwidth are considered, each of which will be explained in the relevant
section of the literature review. Cells with a green background represent results which
show effective suppression of the particular form of SRS by the particular form of
bandwidth. Cells with a red background show theoretical results proving that random
bandwidth will have no effect on convective fluid SRS. The cells containing question
marks are the starting point for our investigation. The references contained in this table
are the canonical ones, and do not make up a complete survey of the relevant results;
this will appear in the literature review.

scattering and two-plasmon decay [Follett et al., 2019]. All lasers have some natural

bandwidth, which arises from quantum effects in solid-state lasers and from the Doppler

effect in gas lasers. However, for the majority of lasers relevant to ICF, this natural

bandwidth is far too small to affect parametric instabilities.

As discussed in Chapter 4, Stimulated Raman Scattering (SRS) is a parametric

instability of major concern to shock ignition; since it scatters light away from the target,

and drives electron plasma waves to large amplitudes which then damp and send hot

electrons towards the cold fuel. As such, many people are interested in the possibility of

using broadband laser systems to suppress the growth of SRS in shock-ignition coronal

plasmas. In the following literature review, we consider each of the main forms of SRS

separately: absolute; convective-fluid; inflationary (convective-kinetic); and multi-beam.

The original work presented in this chapter focuses on inflationary SRS, but we believe

that it must be placed in its proper context by reviewing the literature for all types

of SRS, since these are often concurrent and may all be present in the shock-ignition

plasma corona. Furthermore, understanding the effect of broadband on non-inflationary

forms of SRS may give us an idea for what types of broadband could work to suppress

inflationary SRS. A handy overview of the literature review can be found in Table 5.1.

5.1.1 Absolute SRS

A brief revision of the theory of absolute SRS driven by a monochromatic laser driver

can be found in Section 2.2.2 of this thesis.

Considering the case of random amplitude modulation of the laser driver, Thomson
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and Karush [1974] showed that for an absolute parametric instability, with homogeneous

growth rate γ0 driven by a laser with bandwidth ∆ω, if ∆ω > γ0 then the growth rate

of the instability is reduced by a factor of γ0/∆ω. A consequence of this is that, for a

fixed bandwidth ∆ω, the suppressive effect of the bandwidth increases as the incident

laser intensity decreases.

PIC modelling of absolute SRS at low density and temperature (ne = 0.08ncr,

Te = 100eV, corresponding to kEPWλD ∼ 0.08) performed by Zhao et al. [2015]

demonstrates the suppression of the SRS growth rate by frequency-modulated SSD-

type bandwidth. In this thesis, SSD-type bandwidth refers to the form of bandwidth

generated by the beam-smoothing method known as smoothing by spectral dispersion

Skupsky et al. [1991] (see Section 2.4). In one-dimension the bandwidth from SSD can

be modelled as a sinusoidal frequency modulation, like so:

Ez = a0cos [2πt+ bsin(2πfmt)] , (5.1)

where a0 is the normalised vector potential, fm the modulation frequency, and b the

modulation depth. The total bandwidth can be approximated as ∆ω = (2b + 1)fm

[Zhao et al., 2015]. They find that the suppression effect is increased by increasing the

bandwidth; and that for a fixed bandwidth, the suppression depends on the modulation

frequency. They also note that the bandwidth has no effect on the saturated level of

SRS, only the growth rate. In their conclusion they stress the importance of considering

the temporal structure of the laser field in each bandwidth investigation.

In a follow-up paper Zhao et al. [2017b] consider SRS driven by light which is

composed of a large number of beamlets each with different frequency and phase (called

a decoupled broadband laser (DBL)). A decoupled broadband laser is defined in Zhao

et al. [2017b] as

aDBL =

N∑

i=1

aicos(ωit+ φi), (5.2)

where ai, ωi, and φi ∈ [−π, π] are the normalised amplitude, carrier frequency, and

phase of each of the N beamlets. The central frequency and wavelength of the laser is

(ω0, k0) and the total frequency spectrum bandwidth is ∆ω0. For very large bandwidths

(on the order of 10%ω0) they find that the growth rate of backward SRS is reduced

compared to the frequency-modulated light with the same bandwidth, but that the

scattered light still saturates at the same level as with no bandwidth.

The work of Zhou et al. [2018] develops the theory of absolute SRS suppression by

bandwidth by considering the “highly nonlinear”, kinetic case where kEPWλD = 0.3.

They model the broadband laser pump spectrum as

a =
N∑

i=1

aicos [(ω0 + δωi)t] , (5.3)
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where N is on the order of 100, ai = a0/
√
N for all i, and δωi ∈ [−∆ω/2,+∆ω/2] is

a random frequency shift within the total bandwidth ∆ω. As well as confirming the

suppression of the growth rate measured in [Zhao et al., 2015, 2017b], they find that

bandwidth in the range 2.25% to 3.0% actually acts to enhance SRS in the so-called

“deep nonlinear stage” by increasing the resonant range in line with the non-linear

frequency shift. Zhou et al. [2018] conclude that a broadband laser light is not an

appropriate choice for suppression of absolute SRS on a several picosecond time-scale.

Finally, Follett et al. [2019] used the LPSE code in one dimension to show that

continuous bandwidth on the order of 1%ω0, modelled as many spectral lines with

random phases, can increase the absolute threshold for SRS.

5.1.2 Fluid convective SRS

We have seen, in the previous section, that absolute SRS can be suppressed using random

bandwidth [Thomson and Karush, 1974]; deterministic frequency-modulated bandwidth

[Zhao et al., 2015]; and bandwidth from a DBL [Zhao et al., 2017b; Zhou et al., 2018].

This is not true, however, for convective SRS in an inhomogeneous plasma. It was

shown by Guzdar et al. [1991] that bandwidth in the form of random phase modulation

reduces the growth rate of SRS, but it also increases the length of the resonance region.

For a system with the laser and plasma satisfying certain conditions, these two effects

cancel out and the bandwidth has no net effect on the SRS gain. The conditions for

exact cancellation are: the homogeneous growth rate and bandwidth are much smaller

than the plasma frequency at the resonance point (γ0,∆ω � ωpe(xres)); the length of

the interaction region and coherence length are less than the plasma size (`, c/∆ω < Lx);

and that the homogeneous growth rate is much smaller than the bandwidth (γ0 � ∆ω)

Guzdar et al. [1991]. This analytical result tells us that random phase modulation will

not be sufficient to suppress convective SRS.

It may be possible, however, to suppress convective SRS by using a decoupled broad-

band laser (DBL). Zhao et al. [2017b] apply their theory of absolute SRS suppression in

a homogeneous plasma by DBLs, to the case of convective SRS in an inhomogeneous

plasma. For a plasma with a linear density profile and constant temperature such

that kEPWλD � 0.25 throughout, they compare the electrostatic energy present in the

simulation in the cases ∆ω0 = 0 and ∆ω0 = 15%. They find that for the 15% bandwidth

case, the electrostatic energy is reduced compared to with zero bandwidth and conclude

that the linear convective SRS has been suppressed [Zhao et al., 2017b]. In a second

paper the same year, Zhao et al. [2017a] consider the case of an inhomogeneous plasma

density profile relevant to direct-drive ICF.

An analytic description of convective SRS suppression by DBLs is given in Zhao

et al. [2019]; they find that SRS can be well-controlled for a laser beam structure of

multiple frequency components and total bandwidth of a few percent. By considering

the frequency difference between any two beamlets, they find that there is a critical
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frequency difference below which the SRS instability regions for the beamlets overlap to

form a single instability region. In this case, the two beamlets can be coupled with one

EPW, leading to a higher growth rate for SRS. This effect is demonstracted in 1D PIC

simulations, which show that SRS can grow to a high level if the beamlets satisfy this

coupling condition, even if the total bandwidth is very large. Zhao et al. [2019] derive a

gain exponent for convective-fluid SRS, in the limit of strong EPW damping, driven

by two beamlets of different frequencies. They find that two beamlets are independent

when

δω0 ≥
πn0c

(
ω2
0 − ω2

pe

)3/2

8Lω0ω2
Lν

2
p

, (5.4)

where ωL is the EPW frequency and νp the EPW Landau damping rate.

For the case of a DBL composed of more than two beamlets, it is necessary that the

frequency difference between any two neighbouring beamlets (δω = ∆ω/(N−1)) satisfies

Equation 5.4. Note that this condition is independent of the intensity of the incident

laser. In theory, this condition would allow us to construct a DBL to suppress SRS in a

large-scale inhomogeneous plasma, however, secondary amplification of back-scattered

light by one of the beamlets is a possibility. Secondary amplification here refers to the

continued amplification of the scattered light wave by another laser beamlet and electron

plasma wave. Zhao et al. [2019] therefore consider another threshold for this secondary

amplification: δω0 > ωL1−ωL2 where [ωL1, ωL2] is the range of EPW frequencies excited

by SRS in the plasma (not including nonlinear frequency shift).

In support of their analytic results, Zhao et al. [2019] perform PIC simulations with

parameters: λ0 = 0.33µm; I0 = 2.5×1015W/cm2; Te = 2keV; ne = [0.08, 0.12]nc; giving

kEPWλD ∼ [0.26, 0.35]. They find that the box-averaged power in EPWs is reduced for

∆ω = 2%ω0, and further reduced for ∆ω = 4%ω0. It is not clear in this paper whether

SRS is growing in the weakly or strongly kinetic regimes, or whether the growth is

inflationary.

5.1.3 Inflationary SRS

Wen et al. [2021] derive a condition for the maximum gain of convective SRS driven by

a sinusoidally frequency-modulated broadband laser, when the velocity of the resonance

point is equal to the group velocity of the back-scattered light for as long as possible. By

tuning the plasma parameters and/or laser parameters away from this condition, they

can increase the threshold for kinetic SRS [Wen et al., 2021]. For SSD-type bandwidth

of the form

E(x, t) = E0sin (ω0t− φ(x, t))

φ(x, t) =
1

2

∆ω

ωm
sin
(
ωmt−

ωm
c
x
)
,

(5.5)
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the maximum gain criterion is given by the expression:

∆ωωm = ωpec/2Ln. (5.6)

The maximum gain criterion is verified through PIC simulations in the kinetic and fluid

regimes. The left-hand side of Eq. 5.6 represents the maximum chirp (|∂tω0(x, t)|) of

the laser, and the right-hand side gives an expression for the spatial detuning due to

density inhomogeneity. Several simplifying assumptions are made by the authors which

allow them to derive this expression for the spatial detuning. Most importantly for our

work, they omit the contribution of the non-linear frequency shift (which is proportional

to the Langmuir wave amplitude) in their calculation of the velocity of the resonance

point.

A key result of Wen et al. [2021] is that the threshold for iSRS driven by a si-

nusoidally frequency-modulated laser is independent of the bandwidth or frequency

modulation alone, rather it depends on their product. Figure 5.1 shows results from our

benchmarking of Wen’s work. In this benchmarking study we recovered the results of

their OSIRIS study using our own PIC code, EPOCH. We ran several simulations with

fixed maximum normalised chirp (∆ωωm/ω0 = 5.5× 10−6) and varied bandwidth. We

find that the inflation threshold has a weak dependence on the bandwith alone. From

this preliminary investigation, we were confident in our laser set-up and in the use of

EPOCH for this project.

Figure 5.1: Intensity of light scattered by SRS, averaged over the last three picosec-
onds of each simulation, for three laser set-ups with fixed maximum normalised chirp
(∆ωωm/ω0 = 5.5× 10−6) and varied bandwidth. The simulation parameters common to
all data-points are: Te = 4keV;Ln = 400µm;ne(x) = 0.11ncrexp(x/Ln); PPC=16,000.

Finally, studies have also been performed using the code LPSE in three dimensions

which show that, at ignition scales, absolute multi-beam backward SRS can be mitigated
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with bandwidth ∼ 1.6% [Follett et al., 2021]. From this literature review (summarised

in Table 5.1), it is clear that there is no complete picture of how bandwidth affects

convective SRS gain in inhomogeneous plasmas.

5.2 Decoupled broadband lasers

The work in this section was presented at the 62nd Annual Meeting of the American

Physical Society Division of Plasma Physics in November 2020 [Spencer et al., 2020].

In this investigation we applied the theory of Zhao et al. [2019] to the inflationary

SRS set-up from Spencer et al. [2020]. At the time, Zhao’s result was the most relevant

for SRS in inhomogeneous plasmas (with Wen et al. [2021]’s result not being published

until after the APS conference). We used the following laser and plasma parameters

to allow for direct comparison with the monochromatic case in Spencer et al. [2020]:

Ln = 500µm; ne(x) = 0.14ncr×exp(x/Ln); Te = 4.5keV; PPC = 2048; and Lx = 100µm.

Given these plasma conditions, we can calculate the minimum frequency difference

required for two neighbouring beamlets to be independent as:

δω ≥ πn0c

8Lω0

(
ω2
0 − ω2

pe

)3/2

ω2
Lν

2
p

> 2.78× 1023 max
ne

(
ω2
0 − ω2

pe

)3/2

ω2
Lν

2
p

> 0.31%ω0,

(5.7)

where ωL and νp are calculated numerically from the three-wave matching conditions.

However, if we take into account the threshold for secondary amplification we find

that δω > 2%ω0. Since this requirement is stronger, our final design for the DBL is:

δω = 2%ω0; N = 3; ∆ω = 4%ω0. Note that this is the minimum total bandwidth

predicted to be effective in suppressing the growth of SRS according to Zhao et al.

[2019].

We also consider a second simulation in which the range of EPW frequencies is found

by inspection of Figure 4.5 (b). It is clear that the range of excited EPWs is greater

than the 2%ω0 predicted by fluid theory (white dashed lines). For our second simulation,

the DBL is such that: δω = 6%ω0; N = 3; ∆ω = 12%ω0. For both simulations, the laser

intensity is chosen such that the summed beamlet intensities are above the threshold

for iSRS and also above the saturated intensity (moving to a higher intensity does

not increase the reflectivity due to iSRS). This intensity is chosen from inspection of

Figure 4.6 (a) to be I0 = 4.83× 1015W/cm2. For three beamlets, the individual beamlet

intensity is I = 1.61× 1015W/cm2, which Figure 4.6 (a) tells us is above the threshold

for iSRS. This means that each beamlet should, in theory, be able to drive inflationary

SRS independently of the others, and that we are not just creating suppression by

driving iSRS below its threshold.
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Figure 5.2: Reflected light from SRS a the left simulation boundary, as a function of
time. The time-averaged reflectivities for t > 1ps are: 27% when ∆ω = 4%ω0 and 13%
when ∆ω = 12%ω0. The base case (∆ω = 0) is not plotted here, for clarity, but has
time-averaged reflectivity of 29%.

Figure 5.2 compares the time-resolved reflectivity for the simulations with ∆ω =

4%ω0, and ∆ω = 12%ω0. We see that the initial linear growth period of 〈RbSRS〉 and the

saturation time are the same for both cases. However, the level of SRS is consistently

lower for the higher bandwidth case. This suggests that we are seeing a true suppression

of the SRS behaviour, rather than a change in the intensity threshold or growth time.

The time-averaged reflectivities for the 0%, 4%, and 12% bandwidths are 29%, 28%, and

13% respectively. From this, we conclude that the bandwidth requirement calculated in

Zhao et al. [2019] is not sufficient to suppress inflationary SRS.

Figures 5.3 and 5.4 provide us with an explanation for why Zhao et al. [2019]’s

bandwidth construction must be extended to include the contribution of the non-linear

frequency shift. We consider first the electrostatic fields; Figure 5.3 shows the 2D Fourier

transforms of the Ex field over all space and time. Figure 5.3 (a) shows that SRS is

growing at frequencies below those predicted from the fluid Bohm-Gross dispersion

relation for EPWs (white dashed lines), and that the areas of high spectral density

are not clearly separated. Figure 5.3 (b), however, shows three pairs of bright spectral

features, each sitting on a unique Stoke’s line. This suggests that each of the three

beamlets of the decoupled broadband laser is driving a unique SRS instability, that does

not support any of the two others.

This conclusion is supported by inspection of the electromagnetic wave frequencies

plotted in Figure 5.4. In this plot we see that for the case ∆ω = 4%ω0 (black line) the

scattered light forms a single spectral feature, but three distinct scattered light features

when ∆ω = 12%ω0 (red line).
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Figure 5.3: Two-dimensional Fourier transform of Ex over all space and time. White
dashed lines show the EPW Bohm-Gross dispersion relations at the maximum and
minimum plasma densities, calculated from fluid theory.

5.2.1 Conclusion

If we are to use decoupled broadband lasers for the suppression of inflationary SRS as

described in Zhao et al. [2019], the bandwidth between any two beamlets should satisfy

δω > max
ne

{ωEPW} −min
ne

{ωEPW}+ |δωNL|, (5.8)

where the maximum/minimum EPW frequencies are calculated from the SRS matching

conditions with fluid dispersion relations. Since analytic expressions for δωNL can only

be found for a small number of particular plasma distribution functions, the contribution

from the non-linear frequency shift is probably best calculated, in the author’s opinion,

from fully kinetic simulations.

We decided not to pursue our investigation into DBL-type bandwidth any further

since there are, at time of publication, no plans to implement such bandwidth on any
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Figure 5.4: One-dimensional Fourier transform of Ey at x = xmid over all simulation
time. The black lineout shows the incident laser and reflected light spectra for the case
δω = 2%ω0; N = 3; ∆ω = 4%ω0. The red lineout shows the incident laser and reflected
light spectra for the case δω = 6%ω0; N = 3; ∆ω = 12%ω0. In the 12% bandwidth case,
the reflected light has three distinct spectral features, but in the 4% bandwidth case
the reflected light forms a single feature.

lasers which might be used in inertial confinement fusion. In the next section, we turn

our attention to laser systems currently being considered for ICF experiments.

5.3 Realistic laser bandwidth

This section concerns the results of our investigation into broadband suppression of

inflationary SRS on different broadband laser systems. We consider shock-ignition

driven by two different laser systems: frequency-tripled Nd : glass lasers, such as the

NIF and LMJ; and Argon Fluoride (ArF) lasers. Each laser has a different frequency

and native bandwidth. A third laser system of interest to shock-ignition is Krypton

Fluoride (KrF) lasers, such as the Nike laser at the Naval Research Laboratory (NRL),

which has an intrinsic bandwidth of 3THz [Obenschain et al., 2015]. However, we do

not consider KrF lasers here, due to time constraints; this is left for future work.

Andrew J. Schmitt (Naval Research Laboratory) provided us with density, tempera-

ture and intensity lineouts in one-dimension from simulations of shock-ignition with Nd :

glass and ArF lasers. We selected a single time slice for our PIC simulations, just before

the interaction pulse enters the under-dense plasma created by the assembly pulse.

For all the simulations presented in this section, the following EPOCH parameters

are constant: ∆x = minx(λD); PPC = 16, 000; Tend = 6ps; thermal boundaries for

particles; field boundaries are laser (xmin), and absorbing boundaries (xmax). We treat

the ions as a neutralising background population to allow us to pinpoint the effect

of bandwidth on inflationary SRS only. The incident laser intensity is varied around

both sides of the threshold intensity for inflationary SRS. The approximate threshold
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Figure 5.5: Sub-figures a) and b) show density and temperature line-outs from NRL
simulations at the end of the assembly pulse and the start of the ignition pulse. The
laser is incident from the right, and the left-hand side boundary represents the quarter
critical density surface. The green highlighted areas show the density and temperature
range such that 0.3 < kEPWλD < 0.45. Sub-figure c) shows the final density and
temperature profiles used for our campaign, defined by third order polynomials on the
interval [0, 270µm], and with the laser incident from the left.

intensity is found by varying the intensity for identical PIC set-ups to find the minimum

intensity such that the time-averaged intensity of scatter from bSRS is greater than

10% of the incident laser intensity. The very high number of particles per cell (16,000

compared to 2048 in the previous chapter) comes from convergence testing on the iSRS

threshold for the 351nm base case. Wen et al. [2021] also report convergence of the iSRS

threshold at 16, 000 PPC. It was also less expensive to use a large number of particles

per cell than to run 10 simulations, each with 2048 PPC, with different random seeds.

Wavelength / nm Lx /µm Te / keV ne / ncr ωpe / ω0 Ln / µm

351 270 5.4 [0.105, 0.175] [0.33, 0.42] [420, 590]

193 270 3.5 [0.071, 0.140] [0.26, 0.37] [330, 470]

Table 5.2: Table shows plasma parameters from simulations performed at the NRL,
chosen such that kEPWλD is between 0.3 and 0.45. The temperature given is the
maximum temperature of the particles initialised at t = 0, as there is, in reality, a slight
temperature gradient in the electron profile.
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λ0 / nm ne or Te a0 a1 a2 a3

351 density 1.05× 10−1 1.81× 102 2.02× 105 6.47× 108

351 temperature 5.28 3.16× 102 6.60× 105 1.80× 108

193 density 7.06× 10−2 1.66× 102 3.95× 104 1.01× 109

193 temperature 3.01 1.47× 103 1.31× 106 −2.27× 109

Table 5.3: Coefficients for the third-order polynomials describing density and tempera-
ture profiles in our 1D PIC simulations, for anyone wishing to replicate the simulations.
The density and temperature polynomials take the form ne(x) =

∑3
i=0 aix

i.

5.4 351nm Nd : glass laser

We begin by considering shock-ignition with frequency-tripled Nd : glass lasers, such

as the NIF and LMJ. In these simulations, the laser has wavelength 351nm, incident

intensity in the range 0.4 − 4.0 × 1015W/cm2, and maximum bandwidth of 1THz =

0.12%ω0. This bandwidth is the maximum applied as part of smoothing by spectral

dispersion (SSD) on the OMEGA laser system [Regan et al., 2005]. According to

Lehmberg et al. [2020] this maximum bandwidth might be increased up to 10THz by

optical parametric amplification; we do not consider this case here, since it is still in

the very early stages of development.

5.4.1 Base case: ∆f = 0

As stated in Section 5.3, the plasma density and temperature profiles are taken from

the library of radiation hydrodynamic simulations at the Naval Research Laboratory.

The plasma densities probed are very similar to those considered in Chapter 4, and so

we would expect the simulations to exhibit similar key features. By inspection of the

scattered-light Poynting fluxes for simulations with incident laser intensities either side

of the SRS threshold (Figure 5.6), we see that the scattered light signal is dominated

by backward-travelling SRS light. From the near-laser Poynting flux (not plotted), we

see that the main saturation effect is pump depletion of the laser close to the right

boundary. Finally, the two-dimensional Fourier transforms of the Ex field (not plotted)

show that SRS is resonant well-below the frequencies predicted by the Bohm-Gross

dispersion relation. In summary, the base case simulations with a monochromatic laser

behave as we would expect from Chapter 4, and their interpretation is straightforward.

In the next section, we will add bandwidth to the laser driver in hopes of reducing the

threshold for inflationary SRS, in line with the theory of Wen et al. [2021].

5.4.2 SSD-type bandwidth: ∆f = 1THz

1THz is the maximum bandwidth currently implemented with SSD on a 351nm laser,

achieved at the Omega laser facility [Regan et al., 2005]. Adding bandwidth to the laser
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Figure 5.6: λ0 = 351nm. Poynting flux of scattered light as function of space and time,
for three laser intensities: below (a), at (b), and above (c) the iSRS threshold intensity
estimated from Figure 5.7. Each signal is normalised to the incident laser intensity, and
plotted with a linear colourbar.

pulse is essential to the process of smoothing by spectral dispersion, as only then will

the diffraction grating have something to disperse. The additional bandwidth which is

required to use SSD is added to the fundamental laser frequency using an electro-optical

modulator [Hohenberger et al., 2016]. In one-dimension, the spectrum from SSD reduces

to a frequency-modulated bandwidth. According to Wen et al. [2021], in order to

increase the iSRS threshold we require that the modulation frequency associated with

the SSD satisfies ωm � ωpec/2Ln∆ω. From the plasma parameters given in Table 5.2

and bandwidth of 1THz, this requirement becomes:

ωm �
c

2∆ω

ωpe
Ln

� 1.50× 104 max
ne

ωpe
Ln

� 128THz.

(5.9)

This is problematic, since the optimal modulation frequency for SSD-type smoothing is

on the order of 10GHz = 0.01THz [Kelly et al., 2013; Regan et al., 2005].

We can implement a continuous-bandwidth frequency-modulated laser in EPOCH

using the standard EPOCH laser-driver in one dimension as

E(t) = E0sin(ω0t− φ(t))

φ(t) =
1

2

∆ω

ωm
sin(ωmt),

(5.10)

for ∆ω = 1THz and ωm = 260THz (a normalised maximum chirp of ∆ωωm/ω
2
0 =

3.8× 10−4).
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Figure 5.7 shows the dependence of back-scattered SRS light on the incident laser

intensity for simulations with a 351nm laser, with and without SSD-type bandwidth.

In Chapter 4, the equivalent plots (for example, Figure 4.6) had a dashed line, which

represented the estimated back-scattered light intensity from our simple fluid model. No

such line is plotted in this chapter, since the density profiles no longer take the simple

form: ne(x) = nminexp(x/Ln), and the model does not work for non-monochromatic

drivers. In Figure 5.7, the blue triangular markers represent the base-case with no

bandwidth, and the red circular markers represent simulations with the bandwidth

calculated from Wen et al. [2021]. Straightforward application of Wen’s theory, for a

maximum total bandwidth of 1THz, suggests that the threshold for inflationary SRS will

increase if the modulation frequency satisfies the maximum local chirp rate of the pump

exceeds the spatial detuning due to the density gradient. However, we can see from

Figure 5.7 that the threshold doesn’t seem to change or, perhaps, seems to decrease.

Unfortunately, we do not have sufficient data output from the simulations to work

out why this apparently failed. One potential solution, given more compute, would

be to perform a finer scan around the threshold, and to do a statistical analysis with

multiple random PRNG seeds. However, it is our view that this is not a valuable use of

compute resources, when it does not seem like any realistic laser system would be able

to meet the criterion derived in Wen et al. [2021] for increasing the iSRS threshold.
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Figure 5.7: λ0 = 351nm. Intensity of light scattered by backward SRS, time-averaged for
all t > 2ps, for simulations with and without SSD-type laser bandwidth. The incident
laser intensity varies between 7× 1014W/cm2 and 3× 1015W/cm2.
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5.5 193nm Argon Fluoride

Excimer lasers have a broad amplification spectrum in the UV when compared to Nd:

glass lasers. In this section we consider the argon fluoride (ArF) laser under development

at the NRL, which is predicted to have native bandwidth up to 10THz [Obenschain

et al., 2020]. The simulations presented in this section have a wavelength of 193nm,

incident intensity in the range 2.0 − 5.0 × 1015W/cm2, and maximum bandwidth of

10THz = 0.64%ω0.

5.5.1 Base case: ∆f = 0
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Figure 5.8: λ0 = 193nm. Intensity of SRS-scattered light as a function of space and
time, for the 193nm base-case simulation with I0 = 5× 1015W/cm2.

Interpreting the effect of the bandwidth on inflationary SRS in our simulations of ArF

lasers is not as straightforward as calculating the time-averaged reflected light at the left

boundary (as we did in the previous section). We now examine in detail the simulation

with I0 = 5×1015W/cm2, in order to understand the various concurrent SRS behaviours

that contribute to the total SRS behaviour. Figure 5.8 shows the Poynting flux in the

simulation domain as a function of space and time, calculated from the Ey and Bz fields

that were filtered to remove contributions from the laser. Our first observation is that,

although it only takes the laser ∼ 1ps to cross the box, it takes ∼ 2ps to begin exciting

iSRS. We then see very large backward SRS growth with intensity approximately equal

to the incident laser intensity. From inspection of the time-dependent reflectivity at

the left boundary (Figure 5.9), the instantaneous reflectivity is sometimes greater than

three. This large reflectivity leads to pump depletion of the laser. The intensity of the

backward-travelling scattered light waves is reduced for t > 4.5ps. This is caused by the

fact that the SRS-reflected light is itself undergoing SRS in the low-density plasma, this

is the large red feature in Figure 5.8. We can discern that this signal must be re-scatter,

and not forward-SRS, by inspecting the Ex,y(ω, k) signals plotted in Figure 5.10. The
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blue circled signals in Figure 5.10 sub-figures (c) and (d) represent the three waves

involved in the re-scatter SRS process, which produces a backwards-travelling (with

respect to the incident laser) EPW. The red circle on sub-figure (c) is the scattered

light from forward SRS of the original laser, which has much smaller vph = ω/k than

the forward-travelling re-scattered light (blue circled signal with very small k).

The final SRS signal present in Figure 5.8, is the weak forward-scatter SRS signal

which can be seen for x > 200µm, t > 4.5ps. This forward-SRS signal is also highlighted

in Figure 5.10 in red. The over-lapping nature of these three signals means that it is

difficult to define whether SRS is suppressed by the addition of laser bandwidth.
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Figure 5.9: λ0 = 193nm. Reflectivity due to backward SRS at left boundary, smoothed
on scales less than 0.01ps, for three different monochromatic laser intensities. Each
is normalised to its own incident laser power. The time-averaged reflectivity over all
t > 1ps are 26.8%, 7.20%, 0.008% for the three decreasing intensities.

The most common method in the literature for quantifying the impact of a parameter

on inflationary SRS is to look at how the threshold changes as that parameter is varied.

In these analyses, the threshold is measured in terms of the amount of back-scattered

SRS light reaching the laser-entry boundary (for examples of this method, see: [Vu

et al., 2007; Wen et al., 2021; Yin et al., 2009]). This is the method applied in Chapter

4, and it provides us with a good idea of how the iSRS threshold depends on the coronal

density scale-length and the density at which iSRS is driven. However, this method

of calculating the iSRS threshold relies on the fact that, wherever back-scattered light

is generated in the plasma, given enough time it will reach the laser-entry boundary.

Furthermore, the standard methods for calculating iSRS thresholds assume that the

SRS-reflected light increases monotonically with the incident laser intensity. We can

see from the analysis above, that this is not always true for the simulations presented

in this section. Figure 5.11 shows what happens when this assumption fails. The blue

triangular markers represent the backward-scattered SRS light averaged over the entire

simulation time, for times greater than 1ps (the box-crossing time for the laser). We

can see that is has the chracteristic shape we that we have become accustomed to
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Figure 5.10: λ0 = 193nm. 2D Fourier transforms of Ey (a,c) and Ex (b,d) for the 193nm
laser base-case with ∆ω = 0, and plasma parameters from Table 5.2. Taken together,
sub-figures a) and b) show inflationary backward SRS (bSRS) of the laser driver. The
green circled signals are (from left to right) the back-scattered EMWs; the incident
laser; and the forward-travelling EPWs. In sub-figures c) and d) we see the same bSRS
signal as at earlier time (still highlighted with green circles), but we also see backward
SRS of the bSRS light (circled in blue). This rescatter SRS occurs at densities less than
0.1ncr, and produces a backward travelling EPW. The white dashed lines represent the
electromagneticz (a,c) and Bohm-Gross dispersion relations (b,d) for the plasma. Axes
are normalised to the laser frequency and wavenumber in vacuum. Red-circled signals
represent forward-scatter of the incident laser.

throughout this thesis: with a threshold intensity past which the signal increases by

several orders of magnitude, and a rapid saturation at this level. However, if we average

over different periods of time (the red circles and green squares in Figure 5.11) then

this “standard” shape is lost.

These additional complications arise because the simulations with λ0 = 193nm

have a large portion of the plasma corona satisfying ne < 0.11ncr, where the effects of

re-scatter can become important. Just as the SRS frequency matching conditions mean

that SRS can only take place below the quarter critical density of the incident laser,

they also mean that re-scatter SRS can only occur below ncr/9 ' 0.11ncr.

5.5.2 Intrinsic bandwidth: ∆f = 10 THz

In this section, we simulate shock-ignition driven by a laser with 10THz of native band-

width, which is considered realistic for ArF laser systems currently under development

[Obenschain et al., 2020]. To model the continuous laser spectrum, we follow the method
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Figure 5.11: λ0 = 193nm. Intensity of SRS-scattered light as a function of incident laser
intensity averaged over three time periods of different total lengths.

presented in Bates et al. [2020] and distribute 50 beamlets of different frequencies around

the central frequency. The intensities of the lines follow a flat-top distribution. Each

beamlet has a random phase so the total driven laser field looks like this:

E(x, t) =

50∑

i=1

Eisin(ωit+ φi)

φi ∈ [0, 2π]

ωi ∈ [ω0 −∆ω/2, ω0 + ∆ω/2]

(5.11)

Figure 5.12 compares the intensity of backward-scattered light from inflationary

SRS as a function of the incident laser intensity, for 193nm lasers with and without

bandwidth. For the base-case with zero bandwidth (red circular markers), we can

estimate a threshold intensity for inflationary SRS of approximately 3.5× 1015W/cm2.

However, for the case with 10THz bandwidth (blue triangular markers) we cannot

define a threshold. As we saw in the previous section, these simulations have multiple

scattering processes which develop on different time-scales and saturate non-linearly

at different levels. In order to un-pick the contributions from these different scattering

processes, we would need to run simulations which output the field data everywhere

in the domain, rather than just at the left and right boundaries. This represents a

significant computational effort, but would certainly need to be done in order to prepare

this work for publication.
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Figure 5.12: λ0 = 193nm. Intensity of SRS-scattered light averaged over all simulation
time, for simulations with and without bandwidth.

5.6 Conclusion

Referring back to Table 5.1, we can see that this chapter has looked at two of the

open questions about the effect of broadband on inflationary SRS, and has provided

an answer for one. The first question we sought to answer was: can a decoupled

broadband laser (as defined by Zhao et al. [2017a]) be constructed that will suppress

inflationary SRS in a shock-ignition coronal plasma? We found that such a DBL can

be constructed, if the bandwidth between any two beamlets is at least the difference

between the minimum and maximum resonant EPW frequencies plus the non-linear

frequency shift from electron trapping. We then went on to consider if the prediction

of Wen et al. [2021], that a laser with SSD-type bandwidth can be constructed such

that the threshold for inflationary SRS increases, was correct for realistic bandwidth on

351nm laser systems. We were not able to increase the inflationary SRS threshold in

our simulations using the bandwidth prescribed in Wen et al. [2021]. Computational

limitations mean that this study is somewhat incomplete. In order to prepare this work

for publication, we would like to run more simulations which record high-frequency

electric and magnetic field data throughout the plasma to allow detailed analysis of the

competing scattering processes, as is done in Chapter 6. Finally, we examined the effect

of 10THz random phase bandwidth on inflationary SRS in the context of shock-ignition

on a 193nm argon fluoride laser. For the base-case with zero bandwidth, we estimated

a threshold intensity for inflationary SRS of approximately 3.5× 1015W/cm2. However,

with the addition of bandwidth, we could not define a comparable threshold.

In mid September 2021, as this thesis was being prepared, a paper by Ma et al.

[2021] proposed the development of “sunlight-like” broadband lasers, which are shown
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to increase the threshold for absolute SRS in 1D and 2D homogeneous PIC simulations.

These lasers have a flat-top frequency spectrum; a random frequency spectrum and

variations in amplitude as a function of time. It would be interesting to investigate the

potential of these “sunlight-like” lasers to suppress inflationary SRS.
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Chapter 6

Effects of an External Magnetic

Field on Stimulated Raman

Scattering

In this chapter, we present work performed by the author while employed as a Junior

Specialist at the University of California, San Diego between January and April 2020.

The project was supervised by Professor Farhat Beg, and lead by Adam Higginson

(ORCID: 0000-0002-2727-8075). The work presented (including data generated and

data analysis) was carried out by the author, except in the case outlined below:

� Figure 6.2 was produced by M. Bailly-Grandvaux (ORCID: 0000-0001-7529-4013).

The chapter begins with a review of the literature which discusses the effect of a

magnetic field on stimulated Raman scattering. We then present modelling, performed

by the author, of an experiment performed at the Laboratoire pour l’Utilisation des

Lasers Intenses (France) by: J. R. Marquès, P. Loiseau, J. Béard, A. Castan, B. Coleman,

T. Gangolf, L. Lancia, A. Soloviev, O. Portugall, and J. Fuchs. Analysis of the SRS

diagnostics was performed by J. R. Marquès, and (revisited) by M. Bailly-Grandvaux.

The experiment showed a small increase in SRS with an applied magnetic field, and

this is recreated in our simulations.

We then go on to investigate how the effect of the magnetic field depends on

kEPWλD of the SRS electron plasma wave. This work was performed in collaboration

with Ben Winjum (University of California, Los Angeles) and Simon Bolaños (ORCID:

0000-0002-9234-1210).

6.1 Motivation and literature review

In the previous two chapters, we looked at stimulated Raman scattering (SRS) in the

hot and long density scale-length plasmas of the shock-ignition corona. In this chapter

however, we consider low-density, homogeneous plasmas relevant to our collaboration’s
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laser direct-drive gas-jet experiments. As in the previous two chapters, we would like to

understand how stimulated Raman scattering (SRS) behaves in the plasmas of interest,

in order to mitigate or enhance it to suit our requirements.

The following literature review is divided into two sections: firstly, we consider results

from PIC simulations which show that an external magnetic field can suppress SRS in

the kinetic regime. Secondly, we consider results from fluid theory which suggest that

magnetic fields can increase reflectivity due to SRS by changing the balance between

stimulated Raman and Brillouin scattering in laser-produced coronal plasmas.

In Chapters 4 and 5, our simulations were set-up such that the SRS EPW was

always in the kinetic regime (characterised in this thesis by kEPWλD ≥ 0.25). This

meant that the most important contributions to the non-linear evolution of the EPW,

and therefore the SRS instability, were the kinetic non-linear frequency shift and the

non-linear reduction in Landau damping [Kline et al., 2006]. In this chapter, we consider

a wide range of kEPWλD values, such that the dominant non-linear effect is different

in each case. Referring to Figure 2.5, we see that, as we move to a regime where

kEPWλD < 0.25, the decay of the SRS EPW into another EPW and an IAW, via the

Langmuir decay instability (LDI), becomes important.

Before beginning our literature review proper, we revise the theory of an electron

trapped in an electron plasma wave under the influence of a perpendicular magnetic

field. It is this basic idea which underlies the effects of a magnetic field on kinetic SRS.

Following Dawson et al. [1983], consider an electron trapped in an electron plasma wave

of the form ~E = E0sin(kx− ωt)x̂, propagating perpendicular to an external magnetic

field ~B = B0ẑ. In the wave frame, the electron has velocity ~v = (vx + vph)x̂+ vyŷ + vz ẑ

and equations of motion

dvx
dt

= −eE0

me
sin(kx)− ωcvy, (6.1)

dvy
dt

= ωc(vx + vph). (6.2)

Where ωc = eB0/me is the cyclotron frequency and vph = ω/k is the EPW phase

velocity. Taking the derivative with respect to time of Equation 6.1, and substituting in

Equation 6.2 gives

d2vx
dt2

= −
[
ω2
c +

eE0k

me
cos(kx)

]
vx − ω2

cvph. (6.3)

This describes the oscillation of vx, at a spatially-dependent frequency

ωB(x) =

[
ω2
c +

eE0k

me
cos(kx)

]1/2
, (6.4)
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around an average value

〈vx〉1/ωB
= − ω

2
c

ω2
B

vph. (6.5)

Since the average vx is non-zero and negative, in the wave frame, the electron will

fall behind the wave and eventually become de-trapped. In the case of stimulated

Raman scattering, the electrons interact with two electromagnetic waves as well as

many electron plasma waves, which makes their behaviour more complicated.

6.1.1 Magnetic fields suppress kinetic SRS

In a 2018 paper, Winjum et al. [2018] showed that applying a magnetic field perpen-

dicularly to SRS EPWs can “quench” the SRS instability in the kinetic regime. They

consider parameters where ωc/ωpe � 1, and the EPW Landau damping rate is less

than the trapped-electron bounce frequency. Furthermore, all of their simulations are

performed in the kinetic regime where trapped particles in the EPW modify the electron

plasma wave dispersion such that the damping rate tends to zero. Winjum et al. [2018]

use 1D and 2D PIC simulations to show that applied magnetic fields can increase the

inflationary SRS threshold, and suppress the reflectivity due to iSRS which is driven

significantly above threshold.

A 2021 paper by Zhou et al. [2021] uses 1D and 2D PIC simulations to show that

a moderate (ωc � ωpe) external magnetic field can suppress inflationary SRS, so that

the SRS reflectivity stays at its convective saturation level from fluid theory. They

consider kEPWλD in the range [0.28, 0.46], driven by an incident laser intensity of

I0 = 2− 5× 1015W/cm2, for an external magnetic field between zero and 90T. They

force the SRS to grow from a fixed resonance point by firing in an electromagnetic

seed wave from the right-hand boundary, with Is/I0 = 2 × 103. They find that the

SRS-reflectivity approaches zero asymptotically for Bext > 60T, this is explained in

terms of a shutting-off of the autoresonance since the non-linear frequency shift is

suppressed, and cannot compensate for the wave-number shift arising from amplification

up the density gradient Zhou et al. [2021].

The first step of this research project was to replicate the results of Winjum et al.

[2018], in order to benchmark the EPOCH code against the results from OSIRIS and

to understand the relevant diagnostics. Figure 6.1 demonstrates the main results of

replicating Winjum et al. [2018]. The 1D PIC simulations summarised in Figure 6.1

model homogeneous convective SRS in the kinetic regime, with and without a 30T

magnetic field perpendicular to the EMW and EPW propagation. By comparing the left

(Bext = 0T) and right (Bext = 30T) columns of Figure 6.1, we see two key features of

the simulation: sub-figures (a) and (b) show that the convective growth of SRS EPWs

is suppressed by the magnetic field; sub-figures (c) and (d) show that the population

of electrons trapped in the SRS EPWs becomes de-trapped by the magnetic field.

Examination of the time-resolved px, py distribution functions (not included here) shows

that the magnetic field introduces a periodic disturbance to the electron trapping.
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Figure 6.1: The first row (sub-figures a,b) shows the electrostatic (Ex) fields as a
function of space and time. The second row (sub-figures c,d) shows the px, py distribution
functions averaged over space, at t = Tend. Simulation parameters chosen for comparison
with Figure 2b of Winjum et al. [2018].

6.1.2 Magnetic fields affect SRS/SBS balance.

Using a five-wave interaction model, Vyas et al. [2016] find that the back-reflectivity

of stimulated Raman or Brillouin scattering is significantly affected by the presence of

the other instability in a magnetic field. They consider the case of an extraordinary

electromagnetic wave ( ~El ⊥ ~B0) propagating perpendicular to the static background

magnetic field. Using the hydrodynamic equations of motion, they derive gain coefficients

for the pump wave (laser), SRS scattered EMW, and the SBS scattered EMW. They

consider a laser intensity of I0 = 5× 1015W/cm2 and magnetic fields of 0, 50, 100T and

find that as the strength of the magnetic field increases, the back-reflectivity of SBS

decreases, while the back-reflectivity of SRS increases [Vyas et al., 2016].

The decrease in SBS back-reflectivity is not explained in Vyas et al. [2016], and is

not clearly explained elsewhere in the literature. In fact, Bawa’aneh [2006] find that, for

a fixed laser intensity, the SBS growth rate of an extraordinary mode in a homogeneous,

magnetised plasma is increased above the non-magnetised growth rate (Equation 2.33)

for magnetic fields and plasma densities satisfying ωc ≤ 0.25ωpe.
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6.2 Modelling SRS on LULI

At the time of writing, the results of the following experiment have not been published in

any peer-reviewed journal. They were, however, described at the 42nd EPS Conference

on Plasma Physics by Marquès et al. [2015]. Briefly, the experiment aimed to investigate

high-power laser propagation and plasma coupling in low-density magnetized plasmas.

In the experiment, the interaction beam interacts with a pre-ionised hydrogen gas

jet which is contained within a homogeneous and steady (compared to plasma scales)

20T magnetic field. In this section, we focus on work performed by the author which

attempts to explain the SRS signals measured in the experiment.

6.2.1 Experimental results

Figure 6.2: Figure produced by M. Bailly-Grandvaux. Experimentally-measured
SRS energy at different gas jet pressures, with and without magnetic fields. The solid-
coloured markers represent shots with the vertical laser polarisation and the un-filled
markers represent horizontal polarisation of the laser. The external magnetic field has
vertical orientation.

Figure 6.2 shows the energy in backward SRS scattered light as a fraction of the

incident laser energy, as a function of the gas-jet pressure. Each datapoint represents

a different shot (shot numbers appear next to the marker), and the dataset is rather

incomplete. This reflects the fact that SRS and SBS measurements were a secondary

objective of the experiment. Two key things to note are that the SRS level is very low

(on the order of 10−4I0), and that there appears to be a trend of increased SRS scattered

light with the external magnetic field compared to the shots without, for shots with

horizontal and vertical laser polarisations. This is in apparent contradiction to Winjum

et al. [2018], which shows that an external magnetic field should act to suppress SRS in
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the kinetic regime. It was this apparent contradiction which inspired us to re-examine

the SRS signals collected in the experiment.

In order to study these results using PIC, we required first that the gas jet pres-

sures be converted into plasma densities. This proved not to be straightforward,

as the quoted plasma densities from pre-shot calibration were a factor of 10 higher

than those inferred from analysis of interferometry performed on each shot. As

such, we chose to simulate plasma densities across one order of magnitude, choos-

ing ne ∈ {0.01, 0.025, 0.05, 0.10, 0.15}ncr, based on a combination of the interferomtry

and FLASH simulations performed by Adam Higginson (without an external magnetic

field). Electron temperatures in the fully ionised portion of the jet were also taken

from Higginson’s FLASH simulations. The ionic species was chosen to be protons, in

order to reduce the simulation time, and their temperature was one-third of the electron

temperature for all densities.

6.2.2 Simulation results

Figure 6.3: Reflected light from SRS and SBS (averaged over full simulation time) as a
function of the initial homogeneous plasma density. Plasma densities and temperatures
taken from FLASH simulations of single-beam shots without magnetic fields.

We used the EPOCH PIC code to simulate the interaction between the laser, an

externally applied magnetic field, and the plasma. The simulation parameters common to

all simulations are: λ0 = 1053nm (ωc/ω0 = 0.002); Lx = 1000µm; I0 = 0.9×1015W/cm2;

Tend = 10ps; 1000 PPC (from convergence testing on 〈ISRS〉t>0);
~Bext = 20Tẑ. The

laser is polarised in the y direction, so has its magnetic component parallel to the

background magnetic field. Table 6.1 shows the plasma density and temperature for the

five LULI-inspired simulations, as well as kEPWλD for primary and secondary backward

SRS in each case. There is significant uncertainty in how well the chosen simulation
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parameters actually reflect the experimental conditions, due to circumstances outside of

this author’s control.

ne / ncr Te / eV ωc / ωpe kEPWλD (1) kEPWλD (2)

0.01 180 0.019 0.36 0.30

0.025 450 0.011 0.34 0.26

0.05 600 0.008 0.27 0.18

0.10 900 0.006 0.21 0.10

0.15 1100 0.005 0.18 n/a

Table 6.1: Plasma conditions taken from FLASH simulations performed by Adam
Higginson, without external magnetic fields. For all simulations, the electron and ion
densities are equal and the ion temperature is one-third of the electron temperature.
kEPWλD (1) refers to SRS backscatter, and is calculated from fluid theory without
considering the effect of the magnetic field on the EPW dispersion. kEPWλD (2) is
calculated for re-scatter SRS under the same assumptions.

Figure 6.3 shows the time-averaged reflectivity from SRS and SBS as a function

of the simulation plasma density. Focussing first on the SRS measurements (filled-in

markers) we see increases on the order of 100% in the reflectivity with the 20T field

for the 0.025, 0.50, 0.10ncr densities. From this point on, we will consider only these

three densities. By comparing these three cases in detail, we find that the effect of

the magnetic field on the backward-SRS reflected light in one dimension depends on a

combination of four factors:

1. Decreased stimulated Brillouin scattering (SBS) leaves more laser energy to

undergo SRS (as in Vyas et al. [2016]).

2. Decreased non-linear frequency shift of electron plasma waves enhances the SRS

resonance (as proposed in Winjum et al. [2021]).

3. Decreased re-scatter of SRS means that more SRS-scattered light reaches the left

boundary where reflectivity is calculated (as proposed by Lee et al. [2021]).

4. Decreased forward-scatter SRS (fSRS) leaves more laser energy to undergo back-

ward SRS.

Table 6.2 includes a description of how each of these factors changes for the 2.5%, 5%,

and 10% critical density simulations. We now examine each of these factors in turn, in

order to explain the increased reflectivity measured in our simulations.

Reduced SBS

Examining the SBS data (un-filled markers on Figure 6.3), we see that for the 0.025ncr

and 0.50ncr cases the increase in SRS with the applied magnetic field is accompanied by
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ne = 2.5%ncr ne = 5%ncr ne = 10%ncr

bSRS 250% increase with B 75% increase with B 35% increase with B

SBS Decrease with B Decrease with B No change

fSRS Decrease with B Decrease with B Decrease with B

Re-scatter n/a Decrease with B No change

δωNL Decrease with B Decrease with B Decrease with B

Table 6.2: Changes to behaviour of SBS, forward-SRS, re-scatter SRS, and the non-
linear EPW frequency shift for the LULI-inspired simulations which showed increased
backward SRS with an applied magnetic field.

a decrease in the level of SBS. Inspection of the time-resolved reflectivities in Figure 6.4

(b) shows this result more starkly. The initial linear growth of SRS is the same for the

cases with (red line) and without (blue line) the magnetic field. However, the growth of

SBS is greatly suppressed by the applied magnetic field (red dashed line). This reduced

SBS scattering leaves more laser energy available to undergo SRS. This is particularly

evident in sub-figure (a) for times greater than 8ps, where the increase in SBS for the

un-magnetised case is accompanied by a decrease in the amount of SRS. This finding

is an extension of the result found using a fluid-theory five-wave interaction model by

Vyas et al. [2016], as it shows that the effect of the magnetic field on co-existing SRS

and SBS is qualitatively the same in the kinetic regime.

Reduced non-linear frequency shift

In the previous two Chapters, the nonlinear frequency shift of electron plasma waves

arising from kinetic effects was responsible for enhanced growth of SRS, above the level

predicted by fluid theory, via autoresonance. However, in these simulations the nonlinear

frequency shift seems to work to de-tune the SRS resonance and limits its convective

gain. When the magnetic field is applied, it reduces the nonlinear frequency shift by

de-trapping electrons from the EPW. Figure 6.6 shows the effect of the magnetic field

on the non-linear frequency shift of the SRS EPWs. The sub-figures in the left (right)

column show two-dimensional Fourier transforms of the Ey (Ex) fields averaged over

k-space and normalised to their maximum value. The plasma density and temperature

parameters, which are inherited from modelling of the LULI experiment, are such that

the forward and backward scattered EMWs have very similar frequencies for all three

simulations.

Figure 6.6 sub-figure (a) is the Ey spectrum for the simulation with ne = 0.025ncr,

which sees a 200% increase in the SRS-reflectivity with a 20T magnetic field. Looking at

the red line (B0 = 0T), the spectral feature at 1 is the laser, and the feature in the range

0.8− 0.9ω0 is backward-scattered SRS light. We can see the corresponding SRS electron

plasma waves in sub-figure (b) in the range 0.1−0.19ω0. From fluid theory, we expect to

see backward and forward SRS EPW signals in the range 0.16−0.19ω0, so it is clear that
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Figure 6.4: Time-resolved reflectivities (I0 = 0.9 × 1015W/cm2) from SBS (dashed
lines) and backward SRS (solid lines) with external magnetic fields B = 0T (blue), and
B = 20T (red).

the electron plasma waves have undergone significant non-linear frequency downshift in

the case with zero magnetic field. The corresponding up-shift can be seen in Figure (a),

for the simulation with no external magnetic field. The black lines on sub-figures (a)

and (b) show significantly narrower frequency spectra for the same simulation with a

20T magnetic field applied. This result supports the finding of Winjum et al. [2021]

that an external magnetic field reduces the non-linear kinetic frequency shift of EPWs.

Since these simulations are driven very near the threshold for iSRS, the relative

importance of the decreased frequency shift and the decreased SBS is difficult to untangle.

Future work will include repeating the simulations without mobile ions, in order to

unpick these two effects for the 2.5%ncr case.
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Figure 6.5: Poynting flux of scattered light as a function of space and time. Backward-
travelling signal represents light scattered by backward SRS of the laser. Forward-
travelling signal represents secondary back-scatter (re-scatter) of the primary backward-
scattered light. Simulation parameters: ne = 0.05ncr; Te = 600eV; kEPWλD = 0.27 for
primary back-scatter SRS EPW.

Reduced re-scatter

In this thesis, re-scatter SRS refers to the phenomenon of backward-scattered SRS light

which undergoes backward SRS. It satisfies the following matching conditions in 1D:

ω0 = ωs1 + ωEPW1, k0 = −ks1 + kEPW1

ωs1 = ωs2 + ωEPW2,−ks1 = +ks2 − kEPW2,
(6.6)

where the first row is the primary backward SRS of the incident laser (ω0, k0) and

the second row is backward SRS of the scattered primary light wave (ωs1,−ks1). The

effects of re-scatter SRS in ICF have been examined in works by Winjum et al. [2013]

and Ji et al. [2021], which used 1D and 2D PIC simulations to show that backward-

SRS (bSRS) of backward-SRS scattered light can generate suprathermal electrons with

energies greater than 100keV. Ji et al. [2021] also suggest that re-scattering of the

backward-scattered SRS light might lead to artificially low measurements of bSRS in

simulations and experiments.

Inspection of Figure 6.5 shows that forward-scattered light from rescatter is greatly

suppressed by the magnetic field. This means that more of the light scattered by primary

bSRS is able to reach the left boundary where it is measured.

Reduced forward scatter SRS

Inspection of Figure 6.6 sub-figures (b), (d) and (f) shows that the largest EPW signal for

all three simulations without the magnetic field is double-peaked. The lower frequency

(left-most) peak corresponds to forward-scatter SRS, and the higher frequency peak

corresponds to backward-scatter SRS (based on the matching conditions from fluid

theory). For the simulations with an applied 20T magnetic field, however, the largest

EPW signal has only one peak, which is at the frequency corresponding to backward

SRS (0.19, 0.25, 0.34ω0 for the 2.5%, 5%, 10%ncr cases, respectively).
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Figure 6.6: 2D Fourier transforms of Ex, Ey fields, averaged over k-space, for three
densities which show the largest increase in time-integrated SRS-reflectivity with the
addition of the external magnetic field. Each signal is normalised to its own maximum
value.

6.2.3 Conclusion

In this section we reported the results of simulations performed by the author while

employed as a Junior Specialist at the University of San Diego. They were responsible for

PIC modelling of the SRS behaviour in pre-ionised, homogeneous, externally magnetised

plasmas from an experiment performed at LULI. The experiment showed an increase

in the measured back-scattered light from SRS with an applied magnetic field, and

this is recreated in our simulations. Several potential explanations for the increased

back-scattered SRS light are observed in the simulations, including: a change in the

balance between stimulated Raman and Brillouin scatterings; decreased non-linear

frequency shift of EPWs; decrease re-scatter SRS; decreased forward-scatter SRS. It is

clear that, while these simulations are limited to one dimension, they nonetheless contain
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a wide range of interacting scattering phenomena which all contribute to the measured

backward-SRS behaviour. In a real experiment, the contribution of the magnetic field to

the SRS behaviour is even harder to unpick, and may include factors such as: increased

electron temperature; disrupted inter-speckle communication [Yin et al., 2013]; and

changes to the Langmuir decay instability (which could not be sufficiently resolved in

these simulations).

While the SRS observed in the experiment was never considered significant enough

for publication, it did lead to a second project of more fundamental interest: the problem

of how the effect of the magnetic field varies with kEPWλD. This question is considered

in the next section.

6.3 Magnetic field effect varies with plasma debye length

This investigation is an extension of the author’s research project at UCSD, inspired

by the accidental scan over kEPWλD performed while modelling the LULI experiment.

In this work, we examine, via a more granular parameter scan, how the effect of the

external magnetic field on SRS depends on kEPWλD.

This work was performed in collaboration with Ben Winjum (University of California,

Los Angeles) and Simon Bolaños (University of California, San Diego), and will be

presented by Ben Winjum at the APS DPP meeting in November 2021 [Winjum et al.,

2021]. Spencer, Winjum and Bolaños designed the parameter space together, and each

performed parameter scans at different laser intensities and with different PIC codes.

This section presents Spencer’s preliminary investigation into the parameter space.

6.3.1 Simulation parameters

Electron temperatures are chosen in the range 0.5− 3.0keV and kEPWλD in the range

0.20 − 0.40. Densities are calculated from these two values, such that the matching

conditions with fluid dispersion relations are satisfied. The density profile has a slight

linear density gradient, between 0.98n0 and 1.02n0, in order to suppress the growth

of forward-SRS. This is equivalent to a density scale length of 2500µm at the centre

of the box. We model a 351nm laser, polarised in the y-direction. We compare two

incident laser intensities: I0 = 1× 1015W/cm2 and I0 = 3× 1015W/cm2, which sit near

the threshold for inflationary SRS estimated from Vu et al. [2007]. We use 512 particles

per cell and the simulations run to 5ps. The simulation domain was approximately the

length of the central portion of an f/8 speckle, 5f2λ0 ' 100µm. For this preliminary

investigation, we treated the ions as an immobile neutralising background, in order to

remove the complicating factors of stimulated Brillouin scattering and the Langmuir

decay instability.
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6.3.2 Results

We begin by considering the lower intensity case, where I0 = 1×1015W/cm2. Figure 6.7

shows three heat-maps; sub-figures (a) and (b) are the time-averaged intensity of light

back-scattered through SRS, as a percentage of the constant incident laser intensity.

The black stepped line separates the domain into two regions: above the black line the

electron density satisfies ne > 0.11, and below it ne ≤ 0.11. In this lower section of

the domain, the matching conditions for re-scatter SRS can be satisfied (ne < ncr/9).

Sub-figure (c) shows the percentage difference (〈ISRS〉40T − 〈ISRS〉0T) /〈ISRS〉0T, so that

negative values represent decreased SRS after applying the magnetic field. Inspection of

Figure 6.7 (c) shows that applying the 40T magnetic field leads to at least 15% decrease

in bSRS reflectivity for 0.25 ≤ kEPWλD ≤ 0.3. The effect is most dramatic for the

simulations with kEPWλD = 0.30, where the magnetic field leads to almost complete

suppression of bSRS, regardless of the electron temperature. This is in good agreement

with Winjum et al. [2018]. There are several simulations with kEPWλD > 0.325 and

ne < ncr/9 which have large (> 15%) positive changes to the bSRS reflectivity with an

applied field. We do not consider these cases to be robust examples of enhancement,

since the absolute levels of bSRS scattered light reported in sub-figures (a) and (b) are

on the level of noise (〈ISRS〉 ' 10−4I0). This parameter scan showed no evidence of the

enhanced SRS measured in the LULI experiment or our modelling of it, as seen in the

the previous section.

We decided to perform the scan again, this time driven with an incident laser

intensity of I0 = 3 × 1015W/cm2, in order to see whether we could identify a regime

where the enhancing effects identified in the previous section (reduced re-scatter; reduced

forward SRS; and reduced non-linear frequency shift) came into effect. Figure 6.8 shows

the results of this scan, presented in the same manner as Figure 6.7. Examining Figure

6.8 sub-figure (c), we notice two immediate differences from the case with a lower laser

intensity. Firstly, the region which sees maximum suppression of SRS with the magnetic

field has shifted to kEPWλD = 0.35 from kEPWλD = 0.3 in the Figure 6.7. This can be

attributed to the fact that SRS is growing in the strongly kinetic regime, and is driven

well above the threshold for inflationary SRS, leading to higher levels of SRS when

B0 = 0T, I0 = 3.0× 1015W/cm2. This inflationary SRS is strongly suppressed by the

application of the magnetic field, since it de-traps the electrons which are responsible

for the kinetic inflation [Winjum et al., 2018]. Secondly, we notice that there are

several simulations with kEPWλD ≤ 0.25 where the magnetic fields leads to a large

enhancement of SRS. All of these cases sit below the re-scatter line, and as such this

could be attributed to reduced re-scatter, as we saw in some of the LULI simulations.
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6.4 Conclusion

In this chapter we considered stimulated Raman scattering, in homogeneous plasmas

well below quarter critical density, which develops under the influence of a perpendicular

magnetic field. Previous simulations in the strongly kinetic regime (kEPWλD ≥ 0.3) had

found that applying a magnetic field perpendicular to the SRS electron plasma waves

could suppress the growth of iSRS to the level predicted from fluid theory [Winjum

et al., 2018; Zhou et al., 2021]. In Section 6.2, we performed simulations which appeared

to contradict this theory, measuring a 250% increase in the reflectivity from backward

SRS for the simulation with kEPWλD = 0.34. A simulation in the weakly kinetic regime

(kEPWλD = 0.27) showed a 75% increase in the light reflected by bSRS with an applied

magnetic field. These results do not contradict the literature, rather they extend it to

the case of kinetic SRS which competes with SBS; backwards re-scatter; and forward

SRS. We performed a parameter scan of 1D SRS simulations with fixed ions which

examined the effect of an applied perpendicular magnetic field on backward SRS for

0.2 ≤< kEPWλD ≤ 0.4 and with immobile ions. We found that, in most of the parameter

space, a perpendicular magnetic field acts to suppress backward SRS. However, in the

lower end of the kEPWλD range, there were cases where SRS was enhanced above its

non-magnetised value. The next step would be to repeat these scans with mobile ions,

to see how SBS and LDI affect the measured backward SRS.
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Figure 6.7: Sub-figures (a) and (b) show the time-averaged intensity of backward SRS-
scattered light, as a function of electron temperature and kEPWλD for the primary SRS
electron plasma wave, for the scans without (a) and with (b) a 40T applied magnetic
field. Time-averaged intensity is reported as a percentage of the incident laser intensity
I0 = 1.0× 1015W/cm2. Sub-figure (c) shows the difference between the reflected light
without an external magnetic field and the reflected light with the applied field, as a
percentage of the un-magnetised result.
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Figure 6.8: Sub-figures (a) and (b) show the time-averaged intensity of backward SRS-
scattered light, as a function of electron temperature and kEPWλD for the primary SRS
electron plasma wave, for the scans without (a) and with (b) a 40T applied magnetic
field. Time-averaged intensity is reported as a percentage of the incident laser intensity
I0 = 3.0× 1015W/cm2. Sub-figure (c) shows the difference between the reflected light
without an external magnetic field and the reflected light with the applied field, as a
percentage of the un-magnetised result.
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Chapter 7

Conclusions and Future Work

In this thesis, we presented particle-in-cell simulations of inflationary SRS relevant to

direct-drive inertial confinement fusion. The three pieces of original work considered

iSRS first in isolation from other instabilities (Chapter 4); then in realistic plasma

profiles with competition from re-scatter and forward-SRS (Chapter 5); and finally in

magnetised plasmas with mobile ions, where the iSRS instability was in competition

with re-scatter SRS, forward-SRS, and stimulated Brillouin scattering (Chapter 6).

7.1 Conclusions

In Chapter 4, we isolated inflationary SRS in 100µm long sections of representative

shock-ignition plasma coronas. By calculating the intensity of backward-scattered light,

and comparing the level to that predicted from fluid convective growth theory, we

studied how the iSRS threshold varied with the density scale length of the plasma,

and with the density at which iSRS was excited. The paper resulting from this work

([Spencer et al., 2020]) has received citations which use many different results of the

work, including: the dependence of the SRS threshold on the PNRG seed in a PIC code;

the simple fluid model used to define the threshold; and the evidence of iSRS across

various SI density scale-lengths.

In Chapter 5, we aimed to extend the results of Spencer et al. [2020] to look at how

the inflationary SRS threshold changes when driven by realistic broadband lasers. We

first extended the results of Zhao et al. [2019], and showed that a decoupled broadband

laser can be constructed to suppress the growth of inflationary SRS, if the non-linear

frequency shift of the scattered waves is taken into account. We then applied the theory

of Wen et al. [2021] to inflationary SRS in a shock-ignition coronal plasma driven by

a laser with 1THz of SSD-type bandwidth. We found no increase in the threshold,

compared to the monochromatic laser driver. Finally, we simulated the inflationary SRS

threshold for shock-ignition on the argon fluoride laser currently under development

at the Naval Research Laboratory. We found that, for a monochromatic driver, the

intensity threshold for iSRS was between 3.5−4×1015W/cm2. However, when we added
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10THz of bandwidth to the driver, we could not define a threshold to compare with.

Currently, no conclusions can be drawn about the effects of realistic laser bandwidth on

inflationary SRS in shock-ignition.

In Chapter 6 we presented modelling inspired by a magnetised LPI experiment

performed on the LULI laser system. The experiment measured increased levels of

backward SRS with the application of a perpendicular magnetic field. This increase was

recreated in 1D PIC simulations, and explained in terms of a changing energy balance

between: backward SRS; forward SRS; stimulated Brillouin scattering and re-scattered

backwards SRS. These simulations ranged from SRS behaviour which was dominated by

kinetic effects (inflationary SRS) to SRS dominated by fluid effects. This informed the

second part of the study, which simulated backward SRS with electron plasma waves

satisfying 0.2 ≤ kEPWλD ≤ 0.4 and electron temperatures 0.5 ≤ Te ≤ 3keV; this time

with immobile ions to reduce the number of scattering phenomena in each simulation.

This preliminary investigation identified a region of that parameter space where the

magnetic field enhances backward SRS.

As we laid out in the Introduction, inflationary SRS is now becoming recognised as

a major threat to shock-ignition ICF. It has been identified in experiments [Cristoforetti

et al., 2021; Scott et al., 2021] and in particle-in-cell simulations [Seaton and Arber,

2020; Spencer et al., 2020] as the main source of back-scattered SRS light when the

incident laser intensity is near the iSRS threshold. The simulations presented in this

thesis contribute to our understanding of SRS in shock-ignition and other directly-driven

ICF schemes, and suggest some interesting avenues for further study.

7.2 Future Work

There are several avenues that this research could be taken down, depending on the

desired application of the final results. For example, if one wished to really unpick

the effect of different types of broadband on inflationary SRS in shock-ignition plasma

corona, this thesis has shown that it would be best to reduce the realism of the simulation,

perhaps by using a seed EMW. In this case, one could examine in detail the effect of

different broadband light structures on the evolution of a single autoresonant mode.

These results could then be added onto a fluid LPI model (which we know can model

the effect of broadband on fluid-convective and absolute SRS) as in Tran et al. [2020].

On the other hand, there are many cases where more realistic modelling of inflationary

SRS would be interesting. For example, the scaling of the iSRS threshold with collisions,

and an attempt to derive a predictive model for the iSRS threshold in an inhomogeneous

plasma, similar to Vu et al. [2007]’s result for homogeneous coronal plasmas. Realistic

collisions would change the iSRS threshold for shock-ignition in two ways: firstly,

collisional damping of the electromagnetic waves, would change the transition from

fluid-convective to inflationary growth; and secondly, collisions could act to de-trap

electrons from the SRS electron plasma waves.
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As more full-scale shock-ignition experiments are performed, modelling inflationary

SRS in two dimensions, with realistic laser speckle patterns will become more important.

These simulations will include many more effects which contribute to measured iSRS in

experiments, such as: side-scatter SRS (inflationary or fluid-convective) and inter-speckle

seeding.

Finally, as more magnetised LPI experiments are performed, PIC simulations of

kinetic SRS will be able to contribute towards unpicking the energy balance between

various scattering instabilities. The magnetised behaviour of stimulated Brillouin

scattering, forward SRS, and re-scatter SRS are not well-understood or even considered

in the literature. The work presented in Chapter 6 of this thesis, will contribute to at

least two new papers on the topic of magnetised stimulated Raman scattering, prepared

in collaboration with UCSD and UCLA, which will hopefully inspire increased interest

in this problem.
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