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Abstract

Cross-beam energy transfer (CBET) was measured in two saturation regimes by

interacting the Tunable Omega Port 9 (TOP9) laser with several UV pump beams

in a gas-jet plasma that was characterized using Thomson-scattering. At high

TOP9 beam intensities the energy transfer from the pump beams was limited,

which suggested CBET saturation. In the ion heating saturation regime, the ion

temperatures were measured to increase by up to a factor of 7 during the interaction

which was consistent with energy conservation in the scattering process. When

ion heating was minimized, the interaction was saturated by pump beam depletion.

Linear kinetic CBET theory was found to agree well with the measured energy

transfer when the Thomson-scattering measured plasma conditions were accounted

for. Particle-in-cell simulations demonstrate the ion heating saturation mechanism

and indicate that ion trapping and the subsequent collisional detrapping cause

significant heating in the ions.
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1

1. Introduction

When high intensity lasers interact with matter, the electrons of the constituent

atoms can become liberated from their nuclei. This energetic state of matter that is

made up of the freed negatively charged electrons and the positively charged ions is

known as a plasma. The free electrons give the plasma high electrical conductivity

and allow applied electromagnetic fields to strongly couple to the plasma. The

constituent particles of a plasma oscillate at a variety of different modes dictated

by physical parameters including temperature, density, and ion charge state. The

field of laser-plasma physics is the study of the many ways that light waves can

couple to a plasma and interact with these plasma modes.

Cross-beam energy transfer (CBET) [1] is a form of seeded stimulated Brillouin

scattering where two laser beams are coupled via an ion-acoustic wave (IAW).

Figure 1.1 shows an example interaction where two laser beams cross in a plasma

and form a beat wave. Here, the frequency and wavevector of the beat wave are

determined by the frequency offset and crossing geometry of the two laser beams.

Large amplitude plasma waves will grow and efficiently scatter light from one

beam into the other when this driven beat wave is resonant with the IAW mode.



CHAPTER 1. INTRODUCTION 2

Figure 1.1: Two crossing laser beams form a beat wave with frequency ωb and
wavevector kb. When the beat wave is resonant with the ion-acoustic wave in the
plasma energy is transferred between the beams.

Ion-acoustic waves are longitudinal density oscillations that travel through the

plasma in much the same way as conventional sound waves travels through air.

This IAW mode is described by the dispersion relation in Fig. 1.1, where cs is the

ion-acoustic sound speed. Cross-beam energy transfer has significant implications

for laser-driven inertial confinement fusion (ICF) experiments, where many laser

beams are overlapped in plasmas [2, 3].

Nuclear fusion experiments create matter at extreme states where our under-

standing of plasma physics is put to the test. In these experiments the goal is to

create the conditions necessary for a runaway nuclear fusion reaction. Laser-driven

ICF [4] is a method by which hydrogen fuel (deuterium, or deuterium-tritium

mixtures) may be compressed to the high pressure and high temperature conditions

necessary for a nuclear reaction to occur. In laser-driven ICF, many lasers are used
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to deposit energy onto the surface of a hydrogen fuel filled spherical capsule. The

outside of the capsule is rapidly heated and ablated, causing the surface material

to be accelerated radially away. When the accelerated mass is ejected, an equal

and opposite force is applied to the remaining shell in what is known as the rocket

effect. This rocket effect implodes the capsule and compresses the hydrogen fuel

to nuclear fusion relevant conditions.

Figure 1.2: A schematic of the two main methods of laser-driven inertial confine-
ment fusion. Cross-beam energy transfer may occur when the drive beams overlap
in the plasma surrounding the implosion target. (a) In indirect-drive ICF many
beams cross at the opening of the gold hohlraum and exchange energy. (b) In
direct-drive ICF the outgoing refracted edges of the beams interact with incoming
beams and energy is transferred in the flowing coronal plasma.

Figure 1.2 shows the main two methods of laser-driven ICF: indirectly- and

directly-driven ICF. In indirectly-driven ICF a gold hohlraum (typically a cylinder

with a hole at each end) surrounds the fuel filled capsule. When the drive lasers are

incident on the inner walls of the hohlraum an x-ray bath is created that deposits
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energy onto the surface of the capsule and drives the implosion [5]. The drive

beams are separated into two groups: the outer cone beams drive the polar regions

of the capsule and the inner cone beams drive the equatorial region. In directly-

driven ICF, the lasers directly illuminate the surface of the capsule in order to drive

the implosion [6]. In both forms of laser-driven ICF a cloud of plasma is formed in

the regions where many high-intensity lasers are overlapped.

Cross-beam energy transfer plays an significant role in the transport of elec-

tromagnetic energy in laser-driven ICF experiments. In indirect-drive ICF, the

inner and outer cone drive beams exchange energy, which alters the symmetry

of the x-ray drive on the capsule’s surface [7]. Asymmetric drive of the capsule

implosion limits the maximum achievable pressure and degrades fusion yields. In

direct-drive ICF, the refracted edges of beams cross incoming rays and transfer

energy away before it can be deposited onto the surface of the capsule [8]. This

CBET interaction in direct-drive ICF reduces the overall laser energy absorption

by the capsule, which limits implosion energy and fusion yields.

Models that predict CBET are routinely used in the hydrodynamic codes

[7, 8], which simulate ICF experiments. Previous experiments have observed

energy transfer between crossed beams at low IAW amplitudes and found good

agreement with linear CBET models [9]. However, in ICF applications where

CBET models are used, ad-hoc multipliers are necessary to match experimental

observables. Simulations of crossing beams suggest that at high intensity and large

IAW amplitudes the CBET interaction will become saturated and the transfer of

energy will be limited [10, 11]. Experiments have demonstrated CBET saturation
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at high laser intensities, but the incomplete characterization of plasma conditions

in these studies has limited the ability to pinpoint the saturation mechanism and

validate saturation theories [12, 13].

The work presented in this thesis demonstrates the first measurement of cross-

beam energy transfer saturation by ion heating. In these experiments a wavelength-

tunable probe laser [14] was interacted with several ultraviolet (UV) pump beams

in a gas-jet plasma [15]. Multiple pump beam configurations were used in order

to explore the impact of nonlinear physics on the interaction. A co-propagating

configuration where the probe was crossed at small angles with the pump beams

drove IAWs at high phase velocities. An orthogonal propagation configuration

crossed the pumps at nearly 90◦ and drove IAWs with low phase velocities. In

each configuration, Thomson-scattering was used to measure time-resolved plasma

conditions in the beam crossing volume [16, 17]. A transmitted beam diagnostic

measured the energy transferred into the probe beam from the pump beams.

In the orthogonal pump beam configuration, the CBET interaction was saturated

at high probe beam intensities. In these interactions the large driven ion acoustic

waves trapped and accelerated ions, which then collisionally heated the bulk of

the ion velocity distributions. The elevated ion temperatures increased the local

sound speed and caused the CBET interaction to become non-resonant. In the

co-propagating pump configuration, only minimal ion heating was observed and

the dominant saturation mechanism was pump depletion. The high-phase velocity

IAWs imparted higher velocities onto the ions and increased their collisional mean

free paths such that only minimal heating was observed locally within the crossing
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volume. Linear kinetic theory [18] was able to reproduce the measured energy

transfer for all pump beam configurations and probe beam intensities when the

Thomson-scattering measured plasma conditions were taken into account.

This thesis discusses cross-beam energy transfer saturation by ion heating

and the experiments that were carried out to measure energy transfer and plasma

conditions in both saturated and unsaturated interactions. Chapter 2 discusses the

theoretical models that are used to understand plasmas and their interactions with

electromagnetic waves. In particular, linear kinetic CBET theory and Thomson-

scattering theory are discussed in detail. Chapter 3 details the setup that was used to

perform the CBET saturation experiments. Chapter 4 discusses the results obtained

from the experiments and outlines possible future projects. Chapter 5 summarizes

the main conclusions from this work.
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2. Physics Background

This chapter discusses the laser-plasma interaction background physics necessary

to understand the work presented in the following chapters. Section 2.1 provides

a brief overview of the fluid and kinetic plasma models and the plasma wave

phenomenon derived from these principles. Section 2.2 discusses a set of laser

plasma interactions relevant to this work, Section 2.3 deals specifically with the

physics of cross-beam energy transfer. Section 2.4 details the cross-beam energy

transfer saturation physics phenomena that are necessary to understand the main

experimental results in this thesis. Finally, Section 2.5 covers the diagnostic

technique of Thomson scattering that play a particularly important role in drawing

conclusions from the experimental results and also sets this work apart from

previous studies of CBET saturation.

In this thesis all units are given in CGS with the exception of laser beam

intensities and particle temperatures. Laser beam intensities are given in units

of W/cm2 and temperatures are given in units of energy eV , where the typical

expression for thermal energy which includes the Boltzmann constant kBT has

been replaced by T .
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2.1 Basic Plasma Physics

A plasma is a collection of electrons and ions which demonstrates both collective

effects and quasineutrality [19]. Here, collective effects refers to the tendency

for a plasma to exhibit macroscopic effects due to the microscopic behavior of

the constituent particles. In a gas, the individual particles only interact with their

nearest neighbors through collisions. In a plasma, the charged particles not only

interact through collisions, but also generate electric fields and current flows due

to their positions and velocities. When added together, the net fields due to all

of the charged particles allow for long distance collective interactions that have

significant consequences for the macroscopic behavior of the plasma.

Quasi-neutrality in a plasma refers to the tendency for net charges to be neu-

tralized at long distances by the shielding effect of highly mobile electrons. A net

positively charged ion, for example, will attract negatively charged electrons until

the net charge of the ion and electrons effectively cancel when observed at a long

enough distance. This ‘long enough’ distance at which charges are shielded is

known as the Debye length λD, which is a fundamental length scale in plasmas.

To derive this shielding effect and the Debye length, first consider a plasma that is

made up of multiple species s of charged particles, each with number density ns.

From statistical mechanics we know that when a species is in thermal equilibrium

the distribution of particle velocities fs(v) will be given by,

fs(v) = ns

(
ms

2πTs

)3/2

e−W/Ts (2.1)
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Figure 2.1: A normalized Maxwellian velocity distribution.

where ms is the mass of particle species s, Ts is the temperature of species s, and

W is the energy. With no external potentials, this energy W is simply the kinetic

energy W = 1
2msv2. This velocity distribution function is written such that the

integral over all velocities gives the number density ns,

∫
∞

−∞

fs(v)dvxdvydvz = ns. (2.2)

This distribution function is the classic bell-shaped Maxwellian distribution shown

in Figure 2.1, where the thermal velocity is defined as vth,s =
√

Ts/ms and the

average kinetic energy of the particles is 〈W 〉= 3
2Ts.

Given enough time, an isolated particle species will reach a Maxwellian velocity

distribution and will reach thermal equilibrium with the other particle species

occupying the same volume. In practice, however, the assumption of thermal

equilibrium and of Maxwellian velocity distributions is often not valid. The mass

difference between the ion species and electrons often means that on experimental
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time scales the ions and electrons of a plasma will have different temperatures.

Additionally, energy sources and sinks will often impact the shape of the velocity

distribution function. For example, two effects relevant to this work which produce

non-Maxwellian distributions are inverse bremsstrahlung laser heating and particle

trapping, both which will be discussed later in this chapter.

To demonstrate the Debye shielding effect, consider a test charge Q placed

within a plasma with electron density ne, ion density ni, and electron temperature Te.

For this we will assume that the ions are stationary and only provide a background

potential for the electrons, which is a reasonable assumption on short-time scales

due to the proton to electron mass ratio (mp/me∼ 1836). Poisson’s equation relates

the electric potential and number densities of the two charge carriers,

∇ ·E =−∇
2
φ = 4πρq = 4πe(ni−ne) (2.3)

where E is the electric field, φ is the electrostatic potential, and ρq is the test

charge density. Far away from the test charge, the electron and ion densities will be

unaffected by the test charge potential and will have a number density n0 = ni = ne.

Closer to the test charge the added potential will modify the electron distribution

by changing the energy expression W . Including the electric potential energy due

to the test charge Wφ =−eφ allows us to write the electron velocity distribution

function as

fe(v) = n0

(
me

2πTe

)3/2

e−
1
2 mev2−eφ

Te . (2.4)
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When this electron distribution function is integrated over all velocity space the

electron number density is,

ne = n0e
eφ

Te . (2.5)

This new expression for the electron density may be substituted into Poisson’s

equation (Eq. 2.3) to give,

∇
2
φ = 4πen0(1− e

eφ

Te ) (2.6)

where the substitution ni = n0 has been made. The right hand side of Eq. 2.6 may

be Taylor expanded for eφ << Te, which fits the classical definition of a plasma,

where the particle kinetic energy is much greater than the potential energy due to

neighboring particles. Performing this Taylor expansion and keeping only linear

term gives

∇
2
φ = 4π

n0e2φ

Te
. (2.7)

In spherical coordinates the polar and azimuthal partial derivatives in the Laplacian

go to zero for the isotropic potential, leaving only the radial component,

∇
2 ≡ 1

r2
∂

∂ r

(
r2 ∂

∂ r

)
. (2.8)

Substituting this into Eq. 2.7 gives the differential equation
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∂

∂ r

(
r2 ∂φ

∂ r

)
= 4π

n0e2φ

Te
r2, (2.9)

which has the general solution

φ =
C1

r
e−r/λD +

C2λD

r
er/λD , (2.10)

where C1 and C2 are constants and λD =
(

Te
4πn0e2

)
is the Debye length. At r = ∞

the potential must go to zero so we can set C2 = 0. At the opposite limit very close

to the test charge where no shielding is expected the potential must be φ = Q/r, so

we may set C1 = Q, which gives us the solution for the potential,

φ =
Q
r

e−r/λD. (2.11)

From Eq. 2.11 we see that the test charge potential in a plasma falls off faster

than the Coulomb potential (φ = Q
r ) due to the exponential term, which scales with

the Debye length λD. This Debye length is the fundamental distance in the plasma,

that determines the length scales over which collective behavior may be observed.

This will be particularly important in the discussions of Thomson scattering later

in this chapter.

Similar to the Debye length’s fundamental relationship to distance, the plasma

frequency ωp is a fundamental measurement of time in the plasma. There is a

plasma frequency for each species of particles in the plasma, but the electron

plasma frequency is significantly larger and represents the fastest response time

within a plasma. To derive the plasma frequency ωp, we consider a slab of electrons
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of density n0 whose charge is completely canceled by a slab of fixed ions of equal

number density and opposite charge. If the electron slab is displaced by a distance

∆x, the resulting charge separation will create an electric field given by Gauss’ law,

E = 4πn0e∆x. (2.12)

This electric field acts as a linear restoring force, meaning the system can be treated

as a simple harmonic oscillator. Accordingly, the equation of motion for this

electron slab becomes,

me
d2∆x
dt2 =−eE =−4πn0e2

∆x, (2.13)

which has the solution

∆x = ∆x0 cos(ωpet), (2.14)

where ω2
pe =

4πnee2

me
is the electron plasma frequency. If the ions are allowed to

move the oscillation frequency of the combined system becomes ωp =
√

ω2
pe +ω2

pi.

Due to the electron-ion mass ratio ωpe� ωpi and therefore ωp ≈ ωpe.

2.1.1 Collisions

Collisions in a plasma are fundamentally different from those in a neutral gas. In a

neutral gas the interacting particles may be treated as hard spheres that interact at

length scales on the order of the size of the particles. In a plasma, however, the
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charged particles interact through the long range coulomb force which scales as

∝ 1/r2. This results in many particle interactions that can lead to collective motion.

Collisions are the mechanism by which populations of thermal particles may

exchange energy and momentum. To quantify the rate at which these processes

occur we need to evaluate the frequency at which particles are interacting. First, as

an example, the differential scattering cross section dσ

dΩs
for an electron incident on

fixed ions is given by the Rutherford formula [20],

dσ

dΩs
=

Z2e4

4m2
ev4

e sin4(θ/2)
, (2.15)

where σ is the cross section for the scattering of the electron at and angle of θ into

the solid angle Ωs. Here e, me, and ve are the electron charge, mass, and velocity

respectively and Z is the ion charge number.

From Eq. 2.15 we may calculate the collision frequency for this scattering

process ν = nive
dσ

dΩs
, where ni is the ion density. From this scattering frequency

we see that the collision frequency for the electrons in a plasma scales as ∝ 1/v3
e ,

or in terms of temperature ∝ 1/T 3/2, making the plasma more collisional at low

temperatures and more collisionless at high temperatures. This inverse cubed

scaling law of collision frequency with velocity is more broadly true for other types

of collisions within a plasma, including intra-species collisions, and it plays an

important role in determining kinetic behaviors within particle populations.

In practice, we are often interested in many different types of collisions that

can occur between the different species in a plasma. Collision rates between
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different species are denoted by the subscripts i and e for the ion or electron species

respectively. The collision frequencies are written as νii, νie, νei, and νee, where ν12

would denote the collision rate of species 1 with target species 2. Additionally, we

must make the distinction between the two types of collision frequencies: energy

loss and momentum loss. The energy loss collision frequency νk quantifies the rate

at which particles are able to exchange energy and slow down, and is thus used to

calculate temperature equilibration rates and energy transfer rates. The momentum

loss collision frequency ν p quantifies the rate at which directed velocity is lost

and is thus used to calculate quantities such as conductivity, resistivity, viscosity,

and particle diffusion. This distinction is more important for collisions of low

mass particles with high mass particles (e.g. νei) where the low mass particles may

undergo significant changes in momentum with only minimal energy loss.

The energy loss collisional frequency for each combination of electron and ion

participant particles is expressed as [21],

ν
k
ee = nee4 8π

m2
ev3

e
lnΛ (2.16)

ν
k
ei = niZ2e4 8π

memiv3
e

lnΛ (2.17)

ν
k
ie = neZ2e4 8π

mimev3
i

lnΛ (2.18)

ν
k
ii = niZ4e4 8π

m2
i v3

i
lnΛ (2.19)

where ne and ni are the electron and ion densities respectively, e is the elementary

charge, Z is the ion charge number, me and mi are the electron and ion masses
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respectively, ve and vi are the electron and ion velocities respectively, and lnΛ

is the coulomb logarithm. The coulomb logarithm is approximately equal to the

natural log of the plasma parameter Λ = neλ 3
D, but more accurate expressions for

the electron-ion coulomb logarithm are available for various regimes of plasma

conditions. These expressions are given by [22],

lnΛ = 23− ln
(

n1/2
e ZT 3/2

e

)
, for Time/mi < Te < 10Z2eV (2.20)

lnΛ = 24− ln
(

n1/2
e T−1

e

)
, for Time/mi < 10Z2eV < Te (2.21)

lnΛ = 16− ln
(

n1/2
i ZT−3/2

i Z2
µ

)
, for Te < Time/mi (2.22)

where Te and Ti are the electron and ion masses and µ = mi/mp is the ion mass

normalized to the proton mass.

The momentum loss collisional frequency for each combination of electron and

ion participant particles is related to the energy loss frequency by a mass term. This

mass term is given by M12 =
m1+m2

2m1
, where subscript 1 refers to the species 1 and

subscript 2 refers to the target species 2. The relationships between the momentum

and energy collision rates are expressed as,

ν
p
ee = ν

k
eeMee = ν

k
ee (1) (2.23)

ν
p
ei = ν

k
eiMei ' ν

k
ei

(
mi

2me

)
(2.24)

ν
p
ie = ν

k
ieMie ' ν

k
ie

(
1
2

)
(2.25)

ν
p
ii = ν

k
iiMii ' ν

k
ii (1) . (2.26)
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The collision frequencies discussed above are relevant for single-velocity par-

ticles incident on static target particles. The collisions which occur in laboratory

plasmas are typically between particle species which have Maxwellian velocity

distributions. To account for the thermal velocities we must integrate over the

Maxwellian distribution functions for the interacting species to find the average

collisional frequency ν . The momentum collisional frequencies are,

ν
p
ee =

√
2

3
√

π
ν

p
ee (2.27)

ν
p
ei =

√
2

3
√

π
ν

p
ei (2.28)

ν
p
ie =

neme

nimi
ν

p
ei (2.29)

ν
p
ii =

√
2

3
√

π
ν

p
ii . (2.30)

From equation 2.24 we can see that momentum transfer from electrons to

ions occurs at a rate of ∼ mi/me faster than energy transfer, meaning significant

temperature difference may exist in populations of ions and electrons which have

no net momentum with respect to each other. Comparing the energy transfer rates

in equations 2.16, 2.17, and 2.19 we see the following,

νk
ei ' Z

me

mi
νk

ee '
1

Z2

(
me

mi

)1/2

νk
ii (2.31)

which shows the relative rates at which the various species of a plasma will

equilibrate. First, the electron species will equilibrate and reach a Maxwellian

distribution of velocities and then the ion species will equilibrate. Then, after a
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significantly longer period of time the the electrons and ions will equilibrate with

eachother.

2.1.2 Kinetic and Fluid Models

The behavior of a plasma is determined by the position and velocity of it’s con-

stituent particles. Plasmas are made up of extremely large numbers of particles,

and so even if it were possible to know the position and velocity of every particle,

the information would be too unwieldy to utilize. Kinetic theory is a statistical

method that describes the average behavior of large numbers of particles. In kinetic

theory the position and velocity of every particle in a system may be described by

a point in a 6-dimensional phase space (x,y,z,vx,vy,vz), and the number density of

particles found in a volume element of phase space at time t is given by the phase

space distribution function fs(x,v, t), where s specifies the species of particle.

The Vlasov equation is the time integral of the phase space distribution function

where collisions have been neglected, particles are conserved, and the only forces

are the Lorentz forces [F = qs(E+v×B/c)],

d fs(x,v, t)
dt

=
∂ fs

∂ t
+v ·∇ fs +

qs

ms

(
E+

v×B
c

)
·∇v fs = 0. (2.32)

This equation forms the basis of kinetic plasma models and may be used in tandem

with Maxwell’s equations to form a complete set of equations fully describing the

time and space resolved evolution of a plasma system.
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The fluid picture of plasma physics simplifies the kinetic model by describing

the plasma as a system of interacting fluids. Macroscopic behaviors of these fluids

are given by quantities such as the density, velocity, and pressure. These fluid

quantities are found by taking the velocity moments of the distribution function.

The 0th moment gives number density,

ns(x, t) =
∫

fs(x,v, t)dv. (2.33)

The 1st moment gives average velocity,

us(x, t) =
1
ns

∫
v fs(x,v, t)dv. (2.34)

The 2nd moment gives the pressure tensor,

Ps =
∫

ms(v−us)(v−us) fs(x,v, t)dv. (2.35)

The moments of the Vlasov equation (Eq. 2.32) which correspond to the first

two moments of the distribution function allow us to examine the time evolution of

these fluid quantities. The continuity equation is given by

∂ns(x, t)
∂ t

+∇ · (nsus) = 0, (2.36)

and the fluid equation of motion is given by

msns

(
∂us(x, t)

∂ t
+us ·∇us

)
= qsns

(
E+

us×B
c

)
−∇Ps. (2.37)
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In the fluid equation of motion Ps is the plasma pressure given by Ps = nsTs for an

isothermal process or Ps/nγs
s = const. for an adiabatic process. For the adiabatic

relation γs = (2+Ns)/Ns is the heat capacity ratio and Ns is the number of degrees

of freedom for a particle of species s. Here, the gradient of the pressure scalar Ps

has been used rather than the divergence of the pressure tensor Ps by assuming an

isotropic velocity distribution.

2.1.3 Plasma Waves

The continuity equation (Eq. 2.36) and the fluid equation of motion (Eq. 2.37)

derived in the previous section may be used along with Maxwell’s equations to

solve for the the normal modes in plasmas. Maxwell’s equations may be written as

∇ ·E = 4πρ (2.38)

∇ ·B = 0 (2.39)

∇×E = −1
c

∂B
∂ t

(2.40)

∇×B =
1
c

(
4πJ+

∂E
∂ t

)
. (2.41)

The waves may be treated as small perturbations (subscript 1) on equilibrium

(subscript 0) quantities,

n(x, t) = n0 +n1(x, t) u = u1(x, t) E(x, t) = E1(x, t) B(x, t) = B1(x, t).

(2.42)
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If we first assume that there is no thermal motion (Te = Ti = 0 and P = 0) and the

ions are fixed in space, we obtain the following continuity equation, fluid equation

of motion, and Poisson’s equation for the electrons,

∂n1

∂ t
+n0∇ ·u1 = 0 (2.43)

me
∂u1

∂ t
= −eE1 (2.44)

∇ ·E = −4πen1 (2.45)

If we assume plane wave solutions in the x-direction for the oscillating quantities

[n1(x, t) = n1ei(kx−ωt) and similarly for u1 and E1] we can perform the space

(∇→ ik) and time ( ∂

∂ t →−iω) derivatives to obtain,

−iωn1 = −n0iku1 (2.46)

−imeωu1 = −eE1 (2.47)

ikE1 = −4πen1 (2.48)

which can be solved to find the electron plasma frequency ω2 = 4πnee2/me derived

previously.

If the electrons have a temperature, we can write the pressure gradient as

∇Pe = 3Te∇ne = 3Te
∂n1
∂x . Substituting this pressure into the fluid equation of

motion Eq. 2.44 and solving once again for ω we find,

ω
2 = ω

2
pe +3k2v2

te, (2.49)
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which is known as the Bohm-Gross dispersion relation, where vte ≡
√

Te/me is the

electron thermal velocity.

The electromagnetic wave (Eq. 2.50) and the ion-acoustic wave (Eq. 2.51)

modes may derived in a similar manner, giving the following solutions,

ω
2 = ω

2
pe + k2c2 (2.50)

ω
2 = c2

s k2 (2.51)

where c2
s = (ZTe + 3Ti)/mi is the sound speed. From the dispersion relation for

the electromagnetic wave (Eq. 2.50) we can draw conclusions about the behavior

of light in a plasma. For a real wavenumber (k ∈ ℜ), it is apparent that there is

a maximum electron density beyond which light waves with frequency ω can-

not propagate. This maximum electron density is known as the critical density

ncr ≡ ω2 me / 4 π e2.

In the derivation of the dispersion relation for the ion-acoustic wave (Eq. 2.51),

quasi-neutrality ne = ni = n has been used in the place of Poisson’s equation. This

assumption is only valid for kλDe� 1, where the ion perturbations will be fully

shielded. If this assumption is not used and the ion density ni is allowed to vary,

the linearized Poisson equation becomes

∇ ·E = 4πe(ni1−ne1). (2.52)

Carrying on with the process of linearization and solving the fluid equations results

in the new dispersion relation for ion-acoustic waves,
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ω
2 = k2

(
ZTe

mi

1
1+ k2λ 2

De
+

3Ti

mi

)
, (2.53)

which is identical to Eq. 2.51 with the exception of the term (1+k2λ 2
De)
−1. Notably,

this expression collapses to Eq. 2.51 as expected for kλDe� 1 .

2.1.4 Landau Damping

The Vlasov equation (Eq. 2.32) may also be used to derive the wave-particle

interaction known as Landau damping. Landau damping is the process by which a

particle with a velocity v may exchange energy with a wave with phase velocity

vph. This energy exchange is strongest when the component of the particle velocity

along the wave is near the wave’s phase velocity (vph = ω/k ≈ v · k̂). A particle

with a velocity slightly lower than the wave’s phase velocity (v · k̂ < ω/k) will be

accelerated and will take energy from the wave. A particle with a velocity slightly

higher than the wave’s phase velocity (v · k̂ > ω/k) will be decelerated and will lose

energy to the wave. In a plasma with Maxwellian particle velocity distributions,

a wave will typically interact with more slow moving particles than fast moving

particles, leading to a net loss in wave energy over time.

To derive this damping effect for electron plasma waves, the Vlasov equation

for electrons in an unmagnetized, collisionless plasma and Poisson’s equation must

be linearized [ fe(x,v, t) = f0(v)+ f1(x,v, t)] and written as

∂ f1

∂ t
+v ·∇ f1−

e
me

E ·∇v f0 = 0 (2.54)
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∇
2
φ = 4πe

∫
f1d3v. (2.55)

Following a procedure similar to the derivation of the plasma modes, these lin-

earized equations may be analyzed for small perturbations and plane wave solutions.

Solving equations 2.54 and 2.55 produces the integral [21]

1+
4πe2

mek2

∫ k ·∇v f0

ω−k · v
d3v = 0, (2.56)

which has a singularity for ω = k ·v and can be solved using a Laplace transform.

Carrying out this transform and solving for the wave frequency ω assuming a

Maxwellian distribution gives a solution with a real and an imaginary component.

When the imaginary component is small the real component of the solution is the

familiar Bohm-Gross dispersion relation (Eq. 2.49). The imaginary component is

the Landau damping term, which scales with the slope of the velocity distribution

function (γ ∝
∂ f0(v)

∂v ),

γ =−
√

π

8
ωpe

(kλDe)3 exp
[
− 1

2(kλDe)2 −
3
2

]
. (2.57)

From this expression it can be concluded that the damping is a strong function

of kλDe. For long wavelengths (kλDe� 1), the Landau damping is minimal. For

shorter wavelengths (kλDe ∼ 1), the damping rapidly rises due to the wave’s phase

velocity nearing the point where the slope of the electron velocity distribution is

greatest (vph ∼ vth,e).

Ion acoustic waves also experience Landau damping. Due to the relatively low
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IAW phase velocity, the damping due to ions is not negligible in all circumstances.

The normalized single ion-species Landau damping rate on the IAW is given by

[23]

γe

ω
≈ 0.015

√
Z/A (2.58)

γi

ω
≈

√
π

8

(
ZTe

Ti

)3/2

exp
(
−ZTe

2Ti

)
, (2.59)

where γe/ω is the normalized electron landau damping and γi/ω is the normalized

ion Landau damping.

Nonlinear Landau damping occurs when the damped wave transfers significant

amounts of energy to the particles and alters their velocity distribution functions.

The primary impact of nonlinear Landau damping is a flattening of the distribution

function around the phase velocity of the wave, which leads to an overall reduced

Landau damping rate. Large amplitude waves may also experience a frequency

shift due to the oscillations of particles trapped in the wave potential well. These

nonlinear Landau damping and particle trapping effects will be discussed in later

sections in the context of CBET saturation mechanisms.

2.2 Laser-Plasma Interactions

The field of laser-plasma interactions is broadly concerned with the ways that an

electromagnetic light wave may be coupled to a plasma. Some processes may

be described as three-wave couplings of the plasma waves that were discussed
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in Section 2.1.3. These couplings include electromagnetic waves (EM), electron-

plasma waves (EPW), and ion-acoustic waves (IAW). Table 2.1 lists the three-wave

couplings that involve an incident EM wave, which decays into two daughter

waves. In the listed wave decay relationships, the arrow indicates the flow of

energy between the waves. The electron density requirements for each process is

listed in the right column [24].

Process Name Waves Plasma Density
Stimulated Raman scattering (SRS) EM→ EM + EPW ne/ncr ≤ 1/4

Stimulated Brillouin scattering (SBS) EM→ EM + IAW ne/ncr ≤ 1
Two plasmon decay (TPD) EM→ EPW + EPW ne/ncr ≈ 1/4
Parametric decay instability EM→ EPW + EPW ne/ncr ≈ 1

Table 2.1: The three-wave couplings which involve the decay of an electromagnetic
(EM) wave and the density requirements for each process.

The waves involved in each three-wave process listed in Table 2.1 must satisfy

the following frequency and wave-vector matching conditions,

ω0 = ω1 +ω2 (2.60)

k0 = k1 +k2. (2.61)

In these relations, the frequency matching condition conserves energy and the

wave-vector matching condition conserves momentum. Here, the subscript 0 refers

to the parent wave and subscripts 1 and 2 refer to the daughter waves. Cross-beam

energy transfer (CBET) is a form of seeded stimulated Brillouin scattering (SBS)

where two EM waves are coupled via an IAW. Section 2.3 discusses CBET in
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detail.

Two other processes that are important in laser-plasma interaction studies are

inverse bremsstrahlung heating and self-focusing, both will be discussed in detail

in Sections 2.2.1 and 2.2.3, respectively. Inverse bremsstrahlung heating is a

process through which energy from an EM wave may be absorbed by the electrons

in a plasma through collisions. Inverse bremsstrahlung heating is ubiquitous in

laser produced plasma experiments and has ramifications for the electron velocity

distribution functions due to the Langdon Effect [25]. Self-focusing is a process by

which a propagating laser field may alter the refractive index of a plasma, leading

to beam filamentation and focusing which increases the local laser intensity [26].

2.2.1 Inverse Bremsstrahlung Heating and the Langdon

Effect

Inverse bremsstrahlung absorption (IBA), or collisional absorption, is the process

by which electromagnetic wave energy is converted to thermal energy in a plasma

through particle collisions. This process can be understood as a form of Ohmic

heating, where the applied electric field of the wave accelerates the electrons and

drives a current in the plasma. Collisions between the accelerated electrons and

the immobile ions convert the directed kinetic energy of the electron current into

random thermal motion.

To show this effect, suppose an electromagnetic wave polarized in the x-

direction is propagating through a plasma in the z-direction. Assuming the field is
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weak enough for purely non-relativistic electrons, the motion of the particles in the

plasma can be calculated using only the electric field [21],

Ex(z, t) = E0 cos(ωt− kz), (2.62)

where the wave has frequency ω , wavenumber k, and amplitude E0. The motion of

the charged particles in the plasma is then given by

d2x
dt2 = Ex

q
m
, (2.63)

where the particle has charge q and mass m. Solving the equation of motion gives

the particle’s displacement, which has a solution of the form

x =− q
m

E0

ω2 cos(ωt− kz). (2.64)

From Eq. 2.64 we see that the amplitude of the charged particle’s oscillation is

inversely proportional to its mass, and we can therefore neglect the motion of the

ions and focus on the electron motion.

From Eq. 2.31 (νk
ee ' Z mi

me
νk

ei), we see that the kinetic collision frequency

is significantly higher for electron-electron collisions than it is for electron-ion

collisions, which means that the electrons accelerated in the field will equilibrate

significantly faster with other electrons than with the ions. Consequently, IBA

primarily heats the electrons of the plasma, which can result in large temperature

differentials between the electron and ion particle species.
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The thermal energy from IBA is not distributed evenly across all of the elec-

trons in the plasma. From the equation for the electron-ion momentum collision

frequency (Eq. 2.24) we note the following scaling relationship,

ν
p
ei ∝

1
v3

e
, (2.65)

where ve is the electron velocity. From this relationship it is apparent that the

slower electrons in the electron velocity distribution function (VDF) will have a

higher collision frequency and therefore heat more rapidly than the faster moving

electrons [25, 27]. This uneven heating across the electron distribution function

is balanced by electron-electron collisions, which drive the distribution function

towards the Maxwellian distribution given by Eq. 2.1.

The Langdon parameter characterizes the competing effects of IBA and re-

Maxwellization on the shape of the distribution function and is given by

αL =
Zv2

osc

v2
th,e

, (2.66)

where Z is the ion charge state, vosc is the peak electron velocity in the oscillating

electric field, and vth,e =
√

Te/me is the electron thermal velocity. In practical

variables the expression for the Langdon parameter is given by [27]

αL = 0.042
I0

1014W/cm2
λ 2

0
(1.06µm)2

1
Te(keV )

Z, (2.67)

where I0 is the laser intensity and λ0 is the laser wavelength. The shape of the
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electron velocity distribution function resulting from IBA is then given by

fm =Cm exp

[
−
(

Mev2

2Te
am

)m/2
]
, (2.68)

where

am =
2
3

Γ(5/m)

Γ(3/m)
(2.69)

Cm =
ne

4π

(
Me

2Te

)3/2 m a3/2
m

Γ(3/m)
. (2.70)

The super-Gaussian order m is set by the Langdon parameter αL, which determines

the shape of the distribution function. The limits of the parameter m are determined

analytically: m(αL→ 0) = 2 (Maxwellian distribution); m(αL→∞) = 5 (Langdon

distribution) [25]. Simulations show that at intermediate values of αL the super-

Gaussian order m is well approximated by [27]

m(αL) = 2+
3

1+1.66/α0.724
L

. (2.71)

The super-Gaussian electron distribution functions produced by IBA change

the electron susceptibility and they therefore have consequences for the plasma

wave and laser-plasma interaction phenomena discussed in this thesis. In particular,

super-Gaussian electron velocity distribution functions modify the ion-acoustic

wave dispersion relation given by Equations 2.51 and 2.53. As the super-Gaussian

order m increases, the effective electron temperature increases. As the number of
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slow electrons is reduced, the effective shielding on the ions is also reduced and

the ion-acoustic wave frequency increases. This effect can be noted in the IAW

dispersion relation with the following equation,

ω
2
IAW = Ac2

s k2, (2.72)

where cs is the standard IAW sound speed given in Eq. 2.53 and A is given by [28]

A =
3[Γ(3/m)]2

Γ(1/m)Γ(5/m)
. (2.73)

2.2.2 Self-Focusing and Filamentation

A laser beam with a Gaussian shaped intensity profile that propagates through a

plasma will exert a ponderomotive force on the electrons. The ponderomotive force

felt by a single electron is given by [19]

Fp =−
e2

4meω2
L

∇(E2), (2.74)

where the laser frequency and the electric field are ωL and E, respectively. From

Eq. 2.74, we can see that the electrons of the plasma will be expelled from the

high intensity regions near the center of the laser spot as they experience the force

Fp ∝−∇(E2). This force results in a spatially varying plasma density and index

of refraction (η =
√

1−ne/ncr), which tends to focus the laser beam. This self-

focusing effect competes against the process of diffraction. Balancing the effects
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Figure 2.2: A cartoon of the effect of adding a phase plate to a laser beam. The
phase plate breaks the focal spot up into many speckles and allows the intensity
envelope of the focal spot to be fine tuned to different intensity profiles.

of diffraction and self-focusing results in a power threshold beyond which self-

focusing may occur. The laser power threshold for ponderomotive self-focusing

may be written in practical variables as [26, 29, 30]

P
Pcr

= 3×10−8 P[W ]

Te[keV ]

ne

ncr
, (2.75)

where any value of P/Pcr > 1 will result in ponderomotive self focusing.

Phase plates are utilized on many experimental laser platforms to provide

spatial focal spot smoothing. Phase plates are optical elements consisting of arrays

of phase regions that are placed in the laser near-field in order to shape the laser

spot in the far-field. Figure 2.2 illustrates the effect of adding a phase plate to a laser

beam. Phase plates are typically used to create focal spots with super-Gaussian

intensity profiles that are many times larger than the diffraction limited focal spot

size.

The phase plate smoothed laser focal spot consists of a pattern of many local

intensity maxima known as speckles. The spatial extent of a single speckle is
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equivalent to the spot size of the beam without a phase plate (Dsp ∼ λ f #, where λ0

is the laser wavelength and f # is the ratio of the focal length to the beam diameter

at the lens plane). Adding a phase plate to a laser beam distributes the total laser

power into many speckles, which increases the overall threshold for self-focusing

by approximately the ratio of the spot size A using a phase plate to the area of a

single speckle [31]
Pcr,DPP

Pcr
∼ A

(λ f #)2 . (2.76)

This threshold for self-focusing in a phase plate smoothed beam may also be

written in practical variables as

P
Pcr,DPP

=
I0[W/cm2] λ 2

0 [µm]2

1013

(
ne

ncr

)(
3

Te[keV ]

)(
f #

8

)2

, (2.77)

where the laser spot intensity I0 is the power-averaged intensity I0 = 〈I2〉/〈I〉.

2.3 Cross-Beam Energy Transfer

Cross-beam energy transfer occurs when the beat wave of two overlapped laser

beams is resonant with the ion-acoustic mode of the plasma. The beat wave has

a frequency and wave vector determined by the three-wave matching conditions

given in Eq. 2.60 and Eq. 2.61,

ωb = ω0−ω1 (2.78)

kb = k0−k1, (2.79)
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where the subscript b refers to the beat wave and subscripts 0 and 1 are the pump

and probe, respectively. The three-wave process is resonant when it satisfies

ωb = |kb|cs +kb ·V, (2.80)

where cs is the sound speed and V is the flow velocity of the plasma. In ICF

experiments, the plasma flow velocity is often significant, but in the work presented

in this thesis the plasma flow velocities are negligible (|V| � cs).

Figure 2.3: The geometry for two laser beams crossing at an angle ψ in the x-z
plane. The beams are linearly polarized with electric field vectors given by a0 and
a1 for the pump and probe respectively.

Figure 2.3 shows the geometry for two linearly polarized laser beams crossing

at an angle of ψ in the x-z plane. The z-plane is defined as the plane that bisects the

angle ψ , and consequently the driven beat wave will have kb nearly parallel to the x-
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plane for small wavelength separations between the pump and probe [ω0'ω1, k0'

k1 =⇒ kb ' 2k0 sin(ψ/2)]. In this description, the normalized vector potentials

for the pump and probe are given by a = eA/(mec2) ≈ 8.55× 10−10(Iλ 2
µm)

1/2,

where I is the laser intensity (W/cm2) and λµm is the laser wavelength in microns.

The normalized vector potential for each beam ( j = 0,1) can be described using

the p j and s j unit vectors, where p j is in the crossing plane and s j is out of the

crossing plane and both are perpendicular to the wave-vector (k j ‖ s j×p j). The

total electromagnetic potential due to both beams may be written as a(r, t) =

ℜ[a0(z)eiΨ0 +a1(z)eiΨ1], where the phase for each beam is Ψ j = k j · r−ω jt [32,

13].

The beat wave driven by the pump and probe beam exerts a ponderomotive force

on the electrons of the plasma. The charge separation created by this ponderomotive

force drives a density modulation. The density modulation has a phase given by

the difference of the beams’ phase, Ψb = Ψ0−Ψ1 = kbx−ωbt. The density

can then be written as the sum of the background density and the modulation:

ne = n0 +ℜ[δneiΨb]. This density modulation δn creates an associated index of

refraction modulation δη , where the unperturbed index of refraction is give by

η0 =
√

1−ne/ncr.

The normalized density modulation is given by δn/n0 =−1
2Kk2

bc2ω
−2
p0 a0 ·a∗1;

where K = χe(1+ χi)/(1+ χe + χi), χe and χi are the electron and ion suscep-

tibilities, and ωp0 =
√

4πn0e2/me. Here, we have made the assumptions of a

steady state interaction, small IAW variations on the scale of the beat wave, and

small variations in the beam envelopes along the z vector. The resulting index of
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refraction modulation is then given by,

δη =
1
2

K∗|π0|2 sin(ψ/2) tan(ψ/2), (2.81)

where the projection of the pump’s vector potential into the probe polarization plane

is now written as |π0|2 = |a0p|2 cos2 ψ+ |a0s|2. The electron and ion susceptibilities

are given by,

χe(k,ω) =
4πe2ne0

k2me

∫
k · ∂ fe0

∂v
d3v

ωk−k ·v
(2.82)

χi(k,ω) = ∑
s

4πZ2
s e2ns0

k2ms

∫
k · ∂ fs0

∂v
d3v

ωk−k ·v
(2.83)

where the sum over all ion species s has been taken for the ion susceptibility.

From this description of CBET we can make several observations about the

typical linearly polarized pump-probe interaction. Only the component of the

probe beam which is parallel to the pump beam’s polarization π0 will be affected

by the interaction. Furthermore, the refractive index δη has both imaginary and

real components, which have different consequences for the probe beam. The

imaginary part of the refractive index is responsible for gain in the interaction [13],

G =−2k1ℑ(δη)L/η0, (2.84)

where G = ln(Iout/Iin) is the log of the ratio of output to input probe intensity and

L is length over which the beams interact. The real part of δη is responsible for a
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Figure 2.4: The real and imaginary parts of the coupling term K as a function of
normalized wavelength shift ∆λ/λ0 between the pump and probe beam. This data
was calculated for an example interaction with the following parameters: ψ = 25◦,
λ0 = 351.1 nm, ne = 6×1019 1/cm3, Te = 700 eV, Ti = 130 eV, and Z = 1.

phase delay in the interaction,

∆φ = k1ℜ(δη)L/η0. (2.85)

The real and imaginary parts of the coupling term K are shown in Figure 2.4 as a

function of normalized wavelength shift ∆λ/λ0 for an example CBET interaction.

The probe beam will increase in intensity for ℑ(K)> 0 [and likewise decrease in

intensity for ℑ(K)< 0]. The probe beam’s phase will be decelerated for ℜ(K)> 0

[and likewise be accelerated for ℜ(K)< 0].
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2.3.1 Interaction Length

Due to the 3D shape of laser beams, the interaction length L used in Eq. 2.84 and

Eq. 2.85 is not necessarily an obvious quantity. Near their focal points, the pump

and probe beams can be reasonably approximated to be intersecting cylinders of

light. First, the 2D effect on interaction length is simply L2D = D/sin(ψ), where

D is the diameter of the pump beam. The 3D effect takes into account the variation

in chord length as a function of height in the pump beam and can be calculated

using the common volume integral for two intersecting cylinders [33],

V (r1,r2,ψ) =
8

sinψ

∫ r1

0
(r2

2− x2)1/2(r2
1− x2)1/2dx, (2.86)

where r1 and r2 are the radii of the cylinders, which are crossing at an angle of ψ .

For equal radii cylinders (r1 = r2) this integral is V = 16r3/[3sin(ψ)]. Dividing

out the area of the probe beam gives the average chord length through the pump

beam, L3D = V
πr2 =

8
3π

D/sin(ψ) = 8
3π

L2D.

2.3.2 Multiple Pump CBET Configurations

In most ICF experiments where CBET is a concern, a single ‘probe’ beam will

interact and exchange energy with many ‘pump’ beams simultaneously. In these

circumstances the total gain Gm for the probe beam m is simply the sum of each of

the gains Gmn due to the individual pump beam n interactions [34],

Gm = ∑
n

Gmn, (2.87)
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where we have made the assumption of small gains Gmn. From this equation we

can see that the gain Gmn due to each pump beam is independent of the other

CBET interactions. However, in terms of energy transfer and the amplitude of the

driven IAW, these interactions are not independent because they share the same

probe beam. The increased gain from having multiple pump beams increases the

probe beam intensity, which for a given gain Gmn means that more energy will be

taken from each pump beam n. Additionally, the increased probe beam intensity

means that the driven IAW amplitude will be increased for each individual pairwise

interaction.

2.3.3 Impact of Laser Speckles

As shown in Figure 2.2, when phase plates are used to shape a laser beam’s focal

spot, a collection of intensity maxima known as speckles are formed. For CBET,

the distribution of speckle intensities in the pump and probe beams means that

the beat wave amplitudes will be similarly distributed in amplitude [35]. From

Equations 2.81 and 2.84 we can see that the energy transfer from the pump to

the probe scales exponentially with the interaction length L, and with the probe

intensity a2
0. This means that for small angle ψ CBET interactions, some probe

speckles will interact with a high intensity pump speckle along the entire interaction

length, giving a speckle gain that is exponentially higher than what would be given

by the spatially averaged pump intensity. This exponentially higher gain is not

balanced by the decreased gain from low intensity speckle interactions, which scale

only linearly, and therefore the whole beam gain can be significantly larger with
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speckles.

The impact of speckles on CBET gains is limited in two regimes, both of which

minimize the importance of single speckle couplings. When the crossing angle ψ

is large and close to 90◦, the speckles in the probe beam will sample many different

speckles in the pump beam with varied intensities, which has the net effect of

reducing the overall gain to the plane-wave average intensity gain solution. The

second regime is where the interaction length is of similar length or longer than the

lengths of the speckles. Speckle length is given by Lz ' 2 f 2λ0, where the f-number

of the beam f = F/D is the ratio of focal length to lens diameter. In this case

the probe speckles will once again interact with a large enough number of pump

speckle intensities such that the whole beam gain will approach the plane-wave

solution.

2.3.4 Impact of Polarization Smoothing

Polarization smoothing via a distributed polarization rotator (DPR) is another beam

smoothing technique that is frequently used in laser driven ICF experiments [36].

DPRs break a laser spot into two spatially separated spots with orthogonal polar-

ization and equal intensity. Figure 2.5 shows the analytic gain reduction factor

by which the overall beam gain is reduced when polarization smoothing is used

in a CBET interaction. This gain factor Gps describes the overall beam gain with

polarization smoothing relative to the parallel-polarized gain Gpar where both

beams are linearly s-polarized.

For two polarization smoothed beams the effective gain Gps is decreased
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Figure 2.5: The analytic gain reduction factor relative to the linearly polarized
case as a function of crossing angle for three polarization schemes: both polariza-
tion smoothed (blue), linear p-polarized probe with polarization smoothed pump
(orange), and linear s-polarized probe with polarization smoothed pump (gray).

relative to the parallel-polarized beam case Gpar by a factor of Gps = Gpar(1+

cos2 ψ)/4, where ψ is the angle between the crossing beams [35, 34, 37]. This

factor is derived assuming random polarization orientations between the beams

and spatially averaged incoherence between the polarization components within

each beam.

When the probe beam is linearly polarized and the pump beam is polarization

smoothed, we once again need to consider the angle of the probe’s polarization.

When the probe beam is linearly s-polarized and the pump is polarization smoothed

the gain factor is a constant Gps = Gpar/2 for all angles. When the probe beam is

linearly p-polarized and the pump is polarization smoothed the gain factor is given

by Gps = Gpar(cos2 ψ)/2
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These gain factors can be understood by considering the different polariza-

tion components within the polarization smoothed beams separately. For a co-

propagating beam case (ψ = 0◦) where both the probe and pump are polarization

smoothed, each polarization component of the probe beam will interact with two

orthogonal and linearly polarized pump beams, each with half the intensity of the

linear-polarization pump beam case. For each half of the pump beam, only the s-

polarized component will contribute to the interaction (G ∝ cos[θ ]2; where θ is the

angle between the probe and pump polarization). Therefore, each probe beam com-

ponent will have a total gain given by Gps = Gpar(
1
2 cos[θ ]2 + 1

2 cos[θ +π/2]2) =

Gpar/2. As the angle ψ between the beams increases, the p-polarized compo-

nents will interact more weakly, reaching a minimum at ψ = 90◦, where only the

s-polarized components of the beams will interact, giving Gps = Gpar/4.

Similarly, when the probe beam is linearly polarized we can consider the

interactions with the pump’s components separately. When the probe is linearly

s-polarized it will interact identically with the pump’s polarizations across all

crossing angles. However, when the probe is linearly p-polarized the interaction

will once again depend on crossing angle and will be completely extinguished at

(ψ = 90◦) where the probe’s polarization is orthogonal to both of the pump beam’s

polarization components.
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2.4 Cross-Beam Energy Transfer Saturation

Cross-beam energy transfer saturation is often ill-defined in the literature. Here, we

will consider CBET to be saturated when the gain as measured by the amplification

in the probe beam G = ln(P/P0) decreases as the probe intensity increases for

otherwise constant initial plasma and beam conditions. With this definition the

effect of pump depletion, which is often considered to be included in ‘linear CBET

theory’, is not excluded as a saturation mechanism. This section will discuss pump

depletion and several other effects that may saturate the transfer of energy in a

CBET interaction.

2.4.1 Pump Depletion

Pump depletion is an effect that reduces the gain in a CBET interaction when the

intensity of the pump beam drops as a result of the energy transfer to the probe

beam. This effect is inherently a space-intensity effect that may be considered in

1D, 2D, or 3D and depends on the crossing angle between the interacting beams.

As a pump beam interacts with a probe beam its intensity, and therefore the gain in

the CBET interaction, will vary as a function of space within the crossing region.

The so-called Tang formula may be used to calculate the overall gain Gtang in a

CBET interaction when accounting for pump depletion [38]. This gain for a 1D

co-propagating geometry may be derived by starting with the following system of
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nonlinear differential equations,

∂ f
∂ z

= p(z) f (z) (2.88)

∂ p
∂ z

= −p(z) f (z), (2.89)

where f (z) and p(z) are the intensities of the probe and pump respectively and z is

the distance along an interaction length L. Solving these differential equations we

find the following general solutions,

p(z) = c1−
c1ec1z

ec1z− ec1c2
(2.90)

f (z) =
c1ec1z

ec1z− ec1c2
, (2.91)

where we can define f (0) = f0 and p(0) = p0 to be the initial probe and pump

intensities, respectively, G0 = p0L to be the gain without pump depletion over an

interaction length of L, and β = f0/p0 to be the ratio of initial probe to pump

intensity. Using these initial conditions and parameter definitions, we can solve for

the gain including pump depletion Gtang = ln( f (L)/ f0) in terms of G0 and β ,

eGtang =
(1+β )eG0(1+β )

1+βeG0(1+β )
. (2.92)

Figure 2.6 shows the gain Gtang for a 1D co-propagating pump-depleting CBET

interaction as a function of the ratio of the initial probe to the pump intensity

β = Iprobe/Ipump for three no-pump-depletion gain conditions G0. From these
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Figure 2.6: Gain including pump depletion in a 1D co-propagating CBET in-
teraction as a function of β = Iprobe/Ipump for three no-pump-depletion gain (G0)
values.

calculations we see that for high gains G0, pump depletion rapidly decreases the

gain Gtang at low values of β . Therefore, to minimize the impact of pump depletion

on CBET, the gain G0 and the intensity ratio β should both be kept low.

This technique may also be applied to 2D and 3D CBET interactions [39]. The

impact of adding more spatial dimensions is highly dependent on the no-pump-

depletion gain G0 and on the ratio of probe to pump intensity β . At higher values

of either G0 or β the 2D and 3D interactions will begin to exhibit more and more

nonlinear spatial variation in laser intensity, which can rapidly complicate analysis

in experiments.

2.4.2 Manley-Rowe Conservation

The three-wave CBET matching conditions (Eq. 2.78 and Eq. 2.79: ωb = ω0−ω1

and kb = k0−k1) discussed in Section 2.3 not only describe the driven ion-acoustic
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wave frequency ωb and wavenumber kb, but also serve as energy and momentum

conservation equations. This is evident when writing these equations in terms of

energy and momentum via the Planck-Einstein and de Broglie equations, which

gives us what are known as the Manley-Rowe relations [40],

ωb = ω0−ω1 (2.93)

kb = k0−k1 (2.94)

These equations imply that for every photon that is scattered from the pump to

the probe beam, a plasma phonon must absorb the difference in pump and probe

photon energy and momentum. This description only states the quanta of energy

and momentum that is transferred to the plasma, not the mechanism by which it

is transferred. The exact energy and momentum transfer mechanism may have

consequences for the location and rate at which the plasma absorbs this phonon.

Because the difference in frequency between pump and probe beams in CBET

is generally small (ωb�ω0 ∼ω1), the efficiency of energy transfer to the phonons

η = ωb/ω1 is very low. As an example, for 351 nm beams with a wavelength

detuning of 4Å, the efficiency is η ' 0.001, which is to say that for every 1 J of

energy transferred from the pump to the probe beam, only 1 mJ will be transferred

to the plasma.

The energy transferred to the plasma through CBET via the Manley-Rowe
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efficiency can be characterized by

γ =
η×PCBET × τ

Eion[J]
, (2.95)

where Eion is the initial ion thermal energy contained in the CBET interaction

volume, τ ≈ 100/νii is the ion thermalization time, and νii is the ion-ion collision

frequency. For the plasmas covered in this thesis work, τ ∼ 50 ps. The CBET

power transferred is

PCBET = P1(exp(gL)−1), (2.96)

where P1 is the probe beam power, L is the interaction length, and g is the gain

length in the CBET interaction. The gain length may be parameterized as a function

of plasma and beam conditions [34]

g = PNI0
ne

Te
f (∆λ )Gc, (2.97)

where PN is the number of identical pump beams, I0 is the pump beam intensity,

f (∆λ ) is a function of the wavelength detuning, and Gc is a gain constant. The

function f (∆λ ) and constant Gc were empirically calculated for our conditions

f (∆λ ) = −65∆λ [nm]2 +23∆λ [nm]+1 (2.98)

Gc = 1.5×10−31 cm4 eV/W. (2.99)
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The initial ion energy in joules is given by

Eion[J] =
3
2

niVeTi, (2.100)

where ni is the ion density, V is the CBET interaction volume, e = 1.602×10−19

J/eV is the temperature-energy conversion factor, and Ti is the ion temperature. For

small gains,

γ ' ηI1gτ

3
2

ne
Z eTi

, (2.101)

where I1 is the probe intensity. Combining equations 2.97 and 2.101 results in the

following expression for γ

γ ' 2
3

ηI0I1PN

TiTe/Z
τ

e
Gc f (∆λ ). (2.102)

For γ < 0.1, the CBET power transfer into the plasma will be small relative to the

ion energy and mostly negligible. For γ > 0.1, the CBET power transfer will be

significant and will have hydrodynamic consequences for the plasma which may

affect the CBET resonance. Section 2.4.4 will discuss the impact of ion heating on

the CBET resonance condition and the resulting energy transfer saturation.

2.4.3 Ion Trapping

Landau damping, as discussed in Section 2.1.4, causes plasma waves to exchange

energy with particles whose velocity are near the wave’s phase velocity vph = ω/k.

Particles with v < vph will tend to gain energy from the wave and particles with
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v > vph will tend to lose energy to the wave. In the frame of the travelling plasma

wave, a particle can become trapped in the wave trough after it loses or gains

energy due to Landau damping and has insufficient kinetic energy to escape the

potential well formed by the plasma wave [10].

The trapping width in ion velocity space over which particles will be trapped is

given by ∆vt = 2|φZie/mi|1/2, where Zi is the ion charge state, e is the elementary

charge, mi is the ion mass, and φ is the electric scalar potential formed by the

wave [41]. Over this trapping width, the ion velocity distribution function will

be flattened, decreasing the Landau damping on the wave and allowing it to grow

beyond it’s initially damped amplitude in a process, which is known as kinetic

inflation. Trapped ions will oscillate in the potential-well formed by the wave with

a bounce frequency given by ωb = k
√

φZie/mi, where k is the wavenumber [42].

These trapped ion oscillations lead to nonlinear negative frequency shifts that can

detune the wave from the driving frequency set by the crossing laser beams. This

detuning between the driving frequency and the frequency of the waves causes the

interaction to become non-resonant and reduces the amount of light scattered into

the probe beam.

The impacts of both kinetic inflation and nonlinear frequency shifts are re-

duced by various detrapping mechanisms that allow the trapped ions to escape

the potential-well of the wave. For a detrapping mechanism to compete with the

trapping effects, the characteristic detrapping time should be comparable or shorter

than the bounce period τdetrap ≤ τb = 2π/ωb [42].

Side-loss is a detrapping mechanism that occurs due to the finite extent of the
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trapping potential well in the direction transverse to wave propagation. Real laser

beams have limited transverse extent due to the speckle patterns, which comprise

their focal spots. These speckle patterns allow particles with transverse velocity

components to leave the potential well formed by the driven IAW. The transverse

extent of a speckle is given by dsp = f λ0, where f is the f-number of the laser

beam and λ0 is the laser wavelength. Thus, the side loss detrapping time is given

by τdetrap(SL) = dsp/vth, where vth is the thermal velocity of the trapped particles.

Written in full, the condition for significant ion side loss detrapping is,

τdetrap(SL)ωb =
f λ0

vth
k

√
φZie
mi

= f λ0k

√
φZie

Ti
≤ 2π. (2.103)

A second detrapping mechanism is collisional detrapping. In collisional detrap-

ping a trapped particle collides with and loses energy and momentum to the bulk

of the particle distributions. The characteristic time for ion collisional detrapping

is proportional to the collision time τdetrap(Col) ∝ τCol = 1/ν(vph), where ν(vph) is

the collision frequency for a particle moving at the phase velocity of the trapping

wave vph. The various collision frequencies relevant to collisional detrapping

are given in Section 2.1.1. Of particular note is the ion-ion collision frequency

νii ∝ Z4/v3, where Z is ion charge number and v is the particle velocity. Collisional

detrapping reduces the impact of ion trapping on the CBET interaction but causes

the secondary effect of ion heating which will be discussed in the next section.
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2.4.4 Ion Heating

From the Manley-Rowe conservation equations discussed in Section 2.4.2, it is

apparent that the plasma must absorb energy in every CBET interaction. One

way in which this energy transfer may occur is discussed in Section 2.4.3, where

ions are accelerated and trapped in large amplitude ion-acoustic waves before

being collisionally detrapped and losing their kinetic energy to the bulk of the

plasma. From the equations presented in Section 2.1.1 we know the thermal-kinetic

collision rates for both ion-electron and ion-ion interactions,

νk
ie =

2me

me +mi

√
2

3
√

π

4πneZ2e4

√
meT 3/2

e

lnΛ (2.104)

νk
ii =

1
3
√

π

4πniZ4e4

√
miT

3/2
i

lnΛ. (2.105)

The ratio of these two collision rates gives,

νk
ie

νk
ii

=

(
me

mi

)1/2(Ti

Te

)3/2 1
Z
. (2.106)

This means that for a typical hydrogen plasma (Te/Ti ≈ 2, Z = 1, mi/me = 1836)

the ratio of collision rates from Eq. 2.106 is νk
ie/νk

ii ≈ 0.01, which means that a

population of hot-energetic ions will transfer their energy to the ions of a plasma

approximately 100 times faster than they will transfer their energy to the electrons.

Consequently, the ions, which are collisionally detrapped from high-amplitude

ion-acoustic waves, will transfer their energy primarily to the ions of the plasma.

When the ions of a plasma are heated, the ion susceptibility χi (Eq. 2.83) and
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the index of refraction δη (Eq. 2.81) driven by the CBET interaction are modified.

For long timescale steady-state CBET interactions, it is a good assumption that

high ion-ion collision frequencies will sufficiently thermalize the ions to justify

approximating the ion velocity distributions as having a Maxwellian shape. Using

this assumption, we can write the ion susceptibility as a derivative of the plasma

dispersion function Z′ [34],

χik = ∑
j
−

α j

2(kλDe)2 Z′
[

ωk√
2kvTi, j

]
(2.107)

where the sum is taken over each ion species j. In this expression α j = Z∗j Te/Ti j

for Z∗j = f jZ2
j/Z where f j is the ion fraction, Z j is the atomic number, and Ti j is

the ion temperature for the ion species j. The average atomic number Z = ∑ j f jZ j

is defined such that ne = Zni. In the limit of small phase velocities (ωk/k� vTi)

the ion susceptibility (Eq. 2.107) can be written as,

χik = ∑
j

α j

(kλDe)2

[
1+ i

√
π/2

vk

vTi, j

]
, (2.108)

where vk = ωk/k is the phase velocity. With the assumption that kλDi� 1 we can

rewrite the term K = χe(1+χi)/(1+χe +χi) as,

ℑ(K)' ℑ(χik)

(kλDe)4|1+χek +χik|2
. (2.109)

By using the new ion susceptibility (Eq. 2.108), the CBET coupling coefficient
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Figure 2.7: Gain calculated as shown in section 2.3 for an example CBET interac-
tion for a range of nitrogen ion temperatures. The parameters are θ = 99◦, L = 200
µm, Te = 700 eV, ne = 6.5×1019 1/cm3. The electrons distribution is non-Maxwellian
and super-Gaussian shaped with M = 2.8. There are 4 s-polarized pump beams
each with an intensity of I0 = 7×1014 W/cm2. The ions are hydrogen and nitrogen
with a ratio of 55:45 respectively and the hydrogen temperature is Ti,H = 100 eV.

ℑ(K) may be written as

ℑ(K)'
√

π

2
vk

(kλDe)2

∑ j
α j

vTi, j

(1+∑ j α j)2 (2.110)

The gain in the CBET interaction (Eq. 2.84) is directly proportional to this coupling

coefficient and we may therefore express the following scaling relationship [34],

G ∝ I0∆λ
ne

Te

∑ j
α j√
Ti, j

(1+∑ j α j)2 (2.111)

where I0 is the pump intensity, ne is the electron density, Te is the electron tempera-

ture, and ∆λ is the wavelength detuning between the pump and probe beams.



CHAPTER 2. PHYSICS BACKGROUND 54

Figure 2.7 shows the gain in an example CBET interaction relevant to the

work presented in this thesis. In this calculation the nitrogen ion temperature is

varied while all other plasma parameters are held constant. As the nitrogen ions

are heated the ion-acoustic wave dispersion relation evolves along a new branch

with increased frequency for the k-vector defined by the beam geometry. Because

the driving frequency was fixed by the wavelength detuning between the beams,

the driven IAW becomes less and less resonant, and as a result the wave damping

increases and limits the amplitude of the driven waves. The limited wave amplitude

decreases the amount of light scattered into the probe beam and therefore the gain

drops and CBET is saturated.

2.5 Thomson Scattering

Thomson scattering is the elastic scattering of light by a charged particle. In

this scattering process an electromagnetic wave incident on a charged particle

causes the particle to undergo periodic oscillations and re-emit dipole radiation as

it is accelerated in the applied field. The spectrum of light that is scattered from

a plasma depends on plasma parameters such as electron and ion temperatures,

electron density, ion charge state, and various other plasma conditions. The

sensitivity of the Thomson-scattered spectrum to these plasma parameters makes

this process an ideal diagnostic technique, which is widely used in plasma physics

experiments to determine the plasma conditions. This section discusses the physics

of Thomson scattering, the application of Thomson scattering to experiments, and
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the calculation of the Thomson scattering spectrum.

The elastic scattering approximation used in Thomson scattering theory is valid

when the incident photon energy is less than the rest mass of the scattering particle.

Henceforth, we will neglect the scattering from ions due to their prohibitively large

mass, which limits the particles acceleration and re-radiation. In the frame of the

particle the scattered photon will have the same frequency as the incident photon,

which means that in the lab frame the scattered photon will have a frequency

∆ω = ω0−ω1 and wavevector shift ∆k = k0−k1 due to the Doppler effect, where

the subscripts 0 and 1 refer to the incident and scattered radiation. The frequency

and wavevector shifts are related by the the particle’s lab frame velocity [16],

∆ω = ∆k ·v. (2.112)

Here, we have only considered the radiation from a single particle where it has been

established that the scattered light is characteristic of the particle’s velocity. This

model of Thomson scattering can also be applied to large collections of particles,

which have thermal distributions of particle velocities. When light is scattered

from a collection of particles, the total scattered spectrum is characteristic of the

particle velocity distribution functions.

There are two main regimes of Thomson scattering: non-collective and collec-

tive, both of which are named for their sensitivity to individual (non-collective) or

collective plasma phenomenon. Here, it is useful to refer to the Thomson scattering
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frequency and wavevector matching conditions,

ω = ω0−ωs (2.113)

k = k0−ks, (2.114)

where ω and k are the scattering plasma frequency and wavevector, ω0 and k0 are

the initial light wave frequency and wavevector, and ωs and ks are the scattered

light wave frequency and wavevector. When the probed plasma wavelength is

much smaller than the Debye length (λ = 2π/|k| � λDe) the scattered spectrum

will be non-collective, and will reflect the random thermal motion Doppler shifts

of the scattering electrons.

Collective Thomson scattering occurs when the probed plasma wavelength

is larger than the Debye length (λ = 2π/|k| > λDe). When the probed plasma

wavelength is sufficiently long, the scattered spectrum will exhibit constructive

interference due to long-distance correlated density perturbations. When these

density perturbations are associated with the normal modes of the plasma, the

frequency and wavevector of the density perturbation can be measured and used to

extract information about the plasma parameters, which determine those normal

modes.
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2.5.1 Thomson Scattered Spectrum

The differential Thomson-scattered power per scattered frequency at an observation

point far from the plasma is given by [16]

dPs

dωs
= neL

P0r2
0

2π

∣∣k̂s× (k̂s× Ê0)
∣∣2(1+

2ω

ω0

)
S(k,ω)dΩ, (2.115)

where P0 is the incident probe laser power, Ê0 is the incident pobe laser electric

field polarization, ne is the electron density, r0 = e2/m0c2 is the classical electron

radius, L is the length of the scattering volume along k0, and dΩ is the solid angle

of the collection optics.

In Eq. 2.115 the first component P0r2
0

2π

∣∣k̂s× (k̂s× Ê0)
∣∣2 is related to the dipole

radiation from a single electron. The second component
(

1+ 2ω

ω0

)
is a first order

relativistic correction. Finally, the spectral density function S(k,ω) is responsible

for the overall shape of the Thomson spectrum and describes the time averaged

level of density perturbations within the plasma;

S(k,ω) =
2π

k

∣∣∣1− χe

ε

∣∣∣2 fe0

(
ω

k

)
+∑

j

2π

k

Z2
j N j

N

∣∣∣χe

ε

∣∣∣2 fi0, j

(
ω

k

)
, (2.116)

where we have allowed for multiple ion species j within the plasma. Here, χe

is the electron susceptibility, and fe0 and fi0 are the normalized 1D electron and

ion distribution functions, respectively. In the sum over the ion species j, the ion

charge is given by Z j, the density is N j, and N = ∑ j N jZ j. The dielectric function

is given by ε = 1+χe +∑ j χ j. The peak amplitudes in the collectively scattered
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Thomson-scattering spectrum are found where the Landau damping is minimized

near small ℜ(ε) values.

Figure 2.8 shows an example Thomson-scattering spectrum numerically cal-

culated using Eq. 2.115 and Eq. 2.116. Here, the Thomson-scattering spectrum

is shown over two wavelength ranges, which correspond to the IAW and EPW

features. The IAW feature is scattered over a small wavelength range near the

probe laser wavelength. The EPW feature is scattered over a large wavelength

range nearly centered on the probe laser wavelength. The collective IAW feature

is found in the low frequency limit of ℜ(ε) = 0, where the frequency shift of the

peaks is given by

∆ω± = ωs−ω0 =±kcs. (2.117)

where Cs is the ion-acoustic sound speed. The collective EPW feature is found in

the high frequency limit of ℜ(ε) = 0, where the frequency shift of the peaks is

given by

∆ω± = ωs−ω0 =±
√

ω2
pe +3k2v2

te, (2.118)

where ωpe is the plasma frequency and vte is the electron thermal velocity. In

both Eq. 2.117 and Eq. 2.118 we have made the assumption ∆ω/k > vt (i.e.

fluid limit). In general this assumption is not necessary as the full shape of the

Thomson-scattered spectrum may be numerically calculated as shown in Figure

2.8 to fit the spectra measured in experiments.

Figure 2.9 shows an example Thomson-scattering wavevector geometry which

illustrates the variation in probed wavevector length and angle across the full
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Figure 2.8: A numerically calculated Thomson scattered spectrum which has
been spectrally resolved over two wavelength ranges which correspond to the
(a) IAW and (b) EPW modes in the plasma. The plasma conditions used in the
calculation are Te = 500 eV, Ti = 100 eV, Z = 1, A = 1, and ne = 6.0× 1019 1/cm3.
For this example the particles have Maxwellian velocity distribution functions. The
laser wavelength is λ0 = 526.9 nm with a scattering angle of 90◦.



CHAPTER 2. PHYSICS BACKGROUND 60

Figure 2.9: An example scattering geometry where light is Thomson scattered
from a probe laser beam with wavenumber k0 and light is collected at an angle
of θs from the probe beam vector. The variation in probed wavelength across the
entire spectrum means that the k-vectors of the scattering waves are not perfectly
aligned.

Thomson-scattered spectrum. The high-frequency EPW modes probe a relatively

wide range of wavevector lengths and angles, while the low-frequency IAW mode

probes a substantially smaller range.

Figure 2.10 shows an example Thomson-scattering experiment geometry which

illustrates how the probe beam dimensions and collection optics define the spatial

resolution of a Thomson-scattering diagnostic. Thomson scattering is generally

used in either a time-integrated space-resolved imaging configuration or a time-

resolved space-integrated streaked configuration. In the imaging Thomson scat-

tering configuration the light is collected and spatially resolved along the probe

beam axis and wavelength resolved on the perpendicular axis. In streaked Thom-

son scattering the light is collected from a single spatial resolution element and



CHAPTER 2. PHYSICS BACKGROUND 61

Figure 2.10: An example Thomson scattering setup which shows that the scatter-
ing volume from which light is collected is defined by the common volume of the
collection optic and the probe laser beam. After the light is collected various types
of diagnostics may be used to give combinations of spatial, temporal, or spectral
resolution.

time-resolved along one axis using a streak camera and wavelength resolved on

the perpendicular axis. These experimental configurations are discussed in detail

in Chapter 3.
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3. Study Setup

This Chapter describes the setup of the experiment that measured the CBET

saturation phenomena described in Chapter 2. The experiment design goals and

each of the major experimental platform components are discussed in turn. The

system settings that were used to optimize the CBET saturation measurement will

also be discussed in detail. Finally, the particle-in-cell simulations that were used

to interpret the experiment will be briefly discussed.

3.1 Study Goals

Early experiments focused on CBET saturation have observed deviations from

linear theory, which suggest the need for nonlinear saturation mechanisms. Most of

these experiments relied on hydrodynamic models of the plasma to infer the plasma

conditions that control the energy transfer between the crossing beams [43, 12].

The most complete CBET saturation experiments have used Thomson-scattering

to directly measure the plasma conditions in a highly uniform gas-jet target [13].

However, in these experiments only the EPW Thomson-scattering feature was
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measured, and thus the ion temperature could only be inferred using hydrodynamic

simulations.

Past experiments have convincingly reproduced the energy transfer that was

predicted by linear CBET theory at small ion wave amplitudes (δn/ne < 1%).

However, at large ion wave amplitudes, discrepancies from linear CBET theory

were clearly evident and various saturation mechanisms were proposed as explana-

tions. Theory and simulations have suggested that energy dissipation of the large

driven ion waves could cause ion heating that would saturate energy transfer, but

no experimental evidence was produced [18, 34]. The high degree of uncertainty in

the hydrodynamic models used in the experiments have made drawing conclusions

about the exact saturation mechanism difficult.

The goal of the experiments discussed in this Thesis was to simultaneously

measure CBET saturation and a complete set of plasma conditions with the aim of

characterizing the saturation mechanism. To accomplish this goal, the hydrody-

namic uncertainties in the plasma conditions were eliminated by using a uniform

gas-jet plasma target and by making Thomson-scattering measurements of the

plasma conditions. CBET saturation by ion heating was measured when the CBET

heating parameter γ (Eq. 2.102) was large (γ > 0.1). At the largest values of γ

the ion temperature significantly exceeded the electron temperature (Ti/Te ∼ 2),

highlighting the importance of including feedback from laser-plasma instabilities

on plasma conditions. Despite significant nonlinear physics occurring at high probe

intensities, linear CBET theory reproduced the measured energy transfer when the

instantaneous plasma conditions were taken into account for all cases throughout
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Figure 3.1: A CAD model of the OMEGA target chamber with a zoomed view of
the target chamber center region where the gas-jet target system (GJS) is located.
The zoomed view shows the supersonic gas-jet nozzle with an array of heating
laser beams crossing above the nozzle tip. The TOP9 beam is shown in magenta
propagating from the P9 beam port in the lower left corner to the transmitted beam
diagnostic (TBD) in the upper right corner. The TIM mounted Thomson-scattering
system (TSS) collection telescope is shown in the lower right corner.

this study. The particle-in-cell code VPIC was utilized to demonstrate the nonlinear

trapping physics and ion heating effects due to CBET.

3.2 OMEGA Laser and Target Systems

The OMEGA laser system at the Laboratory for Laser Energetics [44] is a 60 beam

laser that delivers up to 30 kJ of 351.11 nm wavelength laser light to a spherical 3.3-
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m diameter vacuum chamber. Figure 3.1 shows a CAD model of the OMEGA target

chamber. The 60 f/6.7 beams are arranged in a truncated icosahedron geometry

(soccer ball shape) where each beam is located at a vertex and pointed inward

towards the center of the vacuum chamber. In this geometry, every beam has an

opposing beam located on the opposite side of the target chamber. The 60 beams

are evenly separated into three legs where the beams of each individual leg must

share the same pulse shape. Up to two different pulse shapes may be used on the

beam legs with pulse lengths ranging from 100 ps up to several nanoseconds. Beam

smoothing on OMEGA is accomplished using distributed phase plates (DPPs),

distributed polarization rotators (DPRs), and smoothing by spectral dispersion

(SSD) [45, 46]. Half-wave plates allow the linear polarizations of up to five beams

to be realigned.

Various interchangeable target and diagnostic packages may be positioned in

the OMEGA target chamber using the ten-inch-manipulators (TIMs). Backward (or

forward) scatter diagnostics are available for up to four beams. Rover calorimeters

that measure laser beam energy transmission across the target chamber may be

positioned in unused beam ports. Standard diagnostics available for every shot

include pulse shape and laser energy characterization for each beam.

3.2.1 Tunable OMEGA Port 9 Laser

The tunable OMEGA Port 9 (TOP9) laser is an upgrade to the OMEGA EP laser

that allows a wavelength tunable beam to be delivered to the OMEGA chamber [14].

The TOP9 laser was designed to be tunable between 350.2 nm and 353.4 nm in
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0.01 nm step sizes at up to 0.5 TW for 1-ns pulse shapes (or 0.1 TW for 2.5 ns

pulse shapes). This wavelength tunability is necessary for the TOP9 beam to beat

with the unshifted 351.11 nm OMEGA pump beams at the IAW resonance in the

gas-jet plasma. The TOP9 beam is shaped to match the OMEGA beam profile to

enable compatibility with standard OMEGA beam optics including DPPs, DPRs,

and half-wave plates. Similar to the OMEGA beamlines, TOP9 is supported by a

suite of diagnostics, which characterize pulse shape, pulse energy, and wavelength.

3.2.2 Gas-Jet System

The supersonic gas-jet system on the OMEGA laser system is a self-contained

TIM deployed unit, which has excellent gas density uniformity and diagnostic

access [47]. The gas-jet system uses an electromagnetically actuated spring-loaded

valve, which opens and closes in ∼ 100 µs. This high speed valve is necessary

to minimize the volume of gas released on each opening in order to protect the

instruments operating in the high-vacuum target chamber environment. The valve

body is designed to operate at up to ∼ 800 psi, which allows for a broad range of

density conditions in the jet. The nozzle section of the gas-jet system is designed

for rapid interchangeability and allows a new nozzle to be used for every shot. The

nozzles are typically replaced after every shot due to the ablation caused by the

close proximity (∼ 2 mm) to the target plasma.

The supersonic nozzle of the gas-jet produces a flow of gas, which moves with

a velocity greater than the local sound speed. The longitudinal density profile

of the flow can be predicted using an analytic model of the behavior of an ideal
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compressible gas moving through the converging-diverging nozzle geometry. In

the converging section of the nozzle, the flow travels at strictly subsonic velocities

and accelerates towards the throat of the nozzle. The nozzle throat is defined as

the point at which the cross sectional nozzle area is smallest. At the throat of the

nozzle the flow velocity is equal to the sound speed,

Cs =

√
γRT
M

, (3.1)

where γ is the adiabatic index, R is the molar gas constant, T is the absolute

temperature, and M is the molar mass. As the gas continues down the nozzle into

the diverging section, the flow undergoes isentropic adiabatic expansion and is

accelerated to supersonic velocities. This expansion can be characterized by the

energy conservation equation,

CpT0 =
V 2

2
+CpT (3.2)

where Cp is the specific heat of the gas at constant pressure and V is the velocity

of the gas flow. Here, the subscript 0 refers to conditions in the reservoir and

parameters without a subscript refer to the conditions along the diverging section

of the nozzle. In these thermodynamic relations the most convenient variable for

determining flow properties is the nozzle Mach number M = V
Cs

, which charac-

terizes the maximum flow velocity normalized to the sound speed. The nozzle

geometry and flow density equations are given by,
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Aexit

A∗
=

1
M

(
2+(γ−1)M2

γ +1

) γ+1
2(γ−1)

(3.3)

ρexit

ρ0
=

(
1+

γ−1
2

M2
)− 1

γ−1

(3.4)

where γ is the adiabatic index, Aexit is the nozzle exit area, A∗ is the nozzle area at

the throat, ρ0 is the density in the reservoir, and ρexit is the density at the nozzle

exit. In Equation 3.3 it is important to note that the Mach number of a particular

nozzle is not constant, and is in fact a function of the adiabatic index of the gas. For

example, a Mach 3 nozzle designed for monatomic gasses (γ = 5/3) will function

as a Mach 2.6 nozzle when used with diatomic gasses (γ = 7/5). Assuming that

gas parameters change smoothly along the entire length of the nozzle, Equation

3.4 shows that the density ratio depends only on the nozzle Mach number and the

adiabatic index of the target gas.

After the gas leaves the nozzle, the flow will be roughly uniform with a diameter

equal to the nozzle exit and a density given by Equation 3.4. Farther away from

the nozzle, the expansion of the flow into the surrounding vacuum will increase

the jet diameter and decrease the jet density. The edges of the flow will expand at

roughly the sound speed, making the expansion angle approximately tan−1(1/M).

The diameter of the gas plume can estimated by

D(L) = Dexit +2
L
M
, (3.5)

where D(L) is the plume diameter at a distance L from the nozzle exit and Dexit is
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the nozzle exit diameter. The density at the center of the plume ρ(L) at a distance

L from the nozzle exit is given by

ρ(L) = ρexit

(
Dexit

Dexit +2 L
M

)2

, (3.6)

where the right hand term takes into account the volumetric expansion of the flow.

The complete expression for the jet density ρ(L) is given by combining equations

3.4 and 3.6

ρ(L) = ρ0

(
1+

γ−1
2

M2
)− 1

γ−1
(

Dexit

Dexit +2 L
M

)2

. (3.7)

The gas-jet density profile was measured in an offline vacuum chamber using a

Mach-Zehnder interferometer and and a fast gated (∼ 10 µs) PI-MAX3 camera

[15]. Figure 3.2(a) shows an example interferometer image taken of the gas-jet and

Figure 3.2(b) shows the density profile extracted using an Abel inversion. The peak

densities predicted using the analytic model (Eq. 3.7) generally agreed with the

densities measured using the Mach-Zehnder and the profiles had similar widths.

Figure 3.3 shows the imaging Thomson-scattering setup and sample data from

the plasma formed using the gas-jet with an array of heater beams on OMEGA.

As shown in Figure 3.3c and 3.3d, the gas-jet plasma was found to have high

uniformity in temperature and density. Additionally, the system demonstrated

excellent shot-to-shot repeatability to within ∼ 5% of the target plasma density.

Here, the analytic gas-jet density model was found to under-predict the peak

measured densities. The peak plasma densities measured at the center of the jet
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Figure 3.2: (a) An example image of the gas-jet interference pattern measured
with the Mach–Zehnder interferometer. (b) A lineout of the measured density
profile at 0.5 mm away from the nozzle compared to the density predicted using
the analytic model (Eq. 3.7). Uncertainty in the measured gas density is ±20%
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Figure 3.3: (a) The OMEGA imaging Thomson-scattering system was used to
measure the plasma formed using the gas-jet with an array of heater beams using
large 850 µm diameter focal spots. (b) The EPW and IAW features were measured
across the diameter of the jet and analyzed to extract (c) temperature and (d)
density information about the plasma.
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exceeded the analytic predicted densities by a factor of ×1.5. This discrepancy

between the analytic model and the Thomson-scattering data is likely due to the

oversimplification in the model for the free expansion of the jet in vacuum (Eq.

3.6).

3.3 OMEGA Diagnostics

3.3.1 Transmitted Beam Diagnostic

The transmitted beam diagnostic (TBD) is a whole-beam laser imaging diagnostic

that is located opposite OMEGA port 9 and is designed to make transmission

measurements of the defocused TOP9 beam [48]. Figure 3.1 shows an overview

of the TOP9 beam path through the OMEGA target chamber and into the TBD

system. The TBD uses a spectralon sheet diffuser, which is imaged by two camera

systems: one time-integrated space-resolved system that measures the transmitted

energy and the other spectrally- and temporally-resolved system that measures the

power. An optional Wollaston prism positioned in front of the diffuser enables

the measurement of the TOP9 beam’s polarization angle using the space-resolved

camera system. The time-resolved system has a temporal resolution of 50 ps and a

spectral resolution of 0.01 nm.

The input pulse shape of the TOP9 beam before transmission across the target

chamber is measured using a beam pickoff, which couples light into the time-

resolved TBD camera system. This pulse shape measurement, when combined with

the TOP9 beam energy diagnostics, allows for the measurement of the instantaneous
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Figure 3.4: A diagram of the OMEGA Thomson-scattering system. The Thomson
scattering system collects light from the OMEGA target chamber and transports it
to an external optical table where spectrometer-streak camera pairs spectrally and
temporally resolve the Thomson-scattered light.

input and output TOP9 power.

3.3.2 OMEGA Thomson-Scattering System

The Thomson-scattering system [17] is a diagnostic that collects and analyzes

light scattered in the OMEGA target chamber. Figure 3.4 shows the path of

Thomson-scattered light from the OMEGA target chamber through the Thomson-

scattering system. First, the light is collected by an f/10 Schwarzschild telescope

and transported to an optical table in the OMEGA laser bay. On the optical table
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the light is analyzed by 1- and 1/3-m spectrometers for the IAW and EPW systems

respectively and then temporally resolved using streak cameras. The temporal

resolutions of these systems is ∼ 50 ps and the spectral resolutions are 0.02 and

0.5 nm respectively for the IAW and EPW systems.

The scattering volume from which light is collected is defined by the projection

of the spectrometer pinholes onto the laser beams as depicted by Figure 2.10. The

angle between the TOP9 beam and the Thomson-scattering collection telescope

is 120◦ and the plane defined by the beam and collection vectors had a normal

vector parallel to the gas-jet axis. The Thomson-scattering system collects the light

scattered from every beam present in the experiment and thus every beam acts as a

Thomson-scattering probe beam.

3.4 Experiment Design Parameters

In principle, to have the highest likelihood of observing CBET saturation, the

driven wave amplitude δn/ne should be maximized. The driven wave amplitude

scales with overlapped pump and probe intensities as δn/ne ∝
√

I0I1 as discussed

in Section 2.3, and the highest wave amplitudes are achieved when maximizing the

beam intensities and minimizing the electron density. On OMEGA, the overlapped

intensities were maximized by minimizing beam spot size using phase plates that

created small focal spot sizes and by maximizing beam power. Half-wave plates

were used in some configurations to rotate the beam polarizations into parallel

alignment to maximize the driven wave amplitude.
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Laser system safety concerns limit the maximum beam energy to 200 J when

using DPPs and requires beam blocks in the opposing ports. The total number

of usable beams was limited to 17 (including TOP9) due to the beam blocks and

the solid angle, which was blocked by the gas-jet system. The concerns related to

beam energy also extended to the CBET amplified TOP9 beam. The maximum

transmitted (after CBET amplification) TOP9 energy was limited to 200 J to avoid

damaging the opposing TBD optics. Self-focusing and filamentation in the plasma

were also considered in the beam setup. Each beam was maintained below the

threshold for self-focusing and filamentation as discussed in Section 2.2.2 by using

phase plate smoothing and limiting their beam powers.

The gas-jet system was used with nine heater beams to produce a plasma with

high uniformity that minimized hydrodynamic uncertainty in the plasma conditions.

The heater beams used phase plates that produced large ∼850 µm full-width-at-

half maximum spots with 200 J in a 500 ps square pulse shape. The gas-jet used

a Mach 2.6 nozzle (or Mach 3 for for γ = 5/3) with an exit diameter of 2 mm

and the beams were focused to a point 2 mm from the top of the nozzle. The

target gas was a mixture of 45% nitrogen and 55% hydrogen to approximately

reproduce the ion-acoustic wave damping in typical ICF experiments. The fill

pressure in the gas-jet was set to produce a plasma with an electron density of either

∼ 0.7×1020 1/cc or ∼ 1.0×1020 1/cc for the two configurations shown in Figure

3.5. Time-resolved Thomson-scattering measurements provided information about

the plasma conditions at the center of the jet for every shot.

As described in Section 2.4.1 and shown in Figure 2.6, pump depletion can
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Figure 3.5: A diagram of two OMEGA CBET saturation experiments in (a) perpen-
dicular low-phase velocity and (b) co-propagating high-phase velocity configura-
tions.

reduce the pump beam intensity and significantly decrease CBET amplification at

high gain values. High levels of pump depletion also exhibit significant 2D and 3D

effects which complicate the measurement of CBET saturation [39]. These pump

depletion effects motivated designing CBET experiments with relatively low gain

(G0 < 1.5) by decreasing the plasma density and minimizing the interaction length.

Keeping the gain low also allows high-intensity probe beams to be used without

risking damage to optics. Decreasing the plasma density also has the added benefit

of increasing the relative ion-acoustic wave amplitude δn/ne.

The optimized pump beam settings used 500-ps pulse shapes,∼ 200 J per beam,

and phase plates that produced elliptical spots with minor radii of 110 µm and

major radii of 160 µm at half maximum. This setup created pump beam spots with
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area-averaged intensities of ∼ 7×1014 W/cm2. Figure 3.5 shows the two pump

beam configurations used in the experiments. In the perpendicular geometry [Fig.

3.5(a)] with θ = 99◦, the pump beams had linear polarizations out of the crossing

plane and were oriented such that their minor axis was nearly parallel to the TOP9

beam axis to limit the interaction length to L ∼ 220 µm. In the co-propagating

geometry [Fig. 3.5(b)] with θ = 21◦, the pump beams had polarization smoothing

that produced roughly circular 246 µm diameter spots at half maximum, which

set the interaction length to L∼ 570 µm. In both configurations TOP9 has a linear

polarization and used a phase plate to set the focal spot diameter to 160 µm at half

max. In the perpendicular configuration the TOP9 polarization was aligned out of

the crossing plane.

3.5 VPIC Simulations

Vector Particle-In-Cell (VPIC) is an electromagnetic relativistic kinetic particle

code that includes a binary collision model, which recovers the Landau form of

inter-particle collisions for weakly coupled plasmas [49, 50]. Figure 3.6 shows a

sample 2D simulation, which was designed to model the low-phase velocity CBET

experiments carried out on OMEGA. Although 3D-VPIC simulations are possible,

the computational resources required to model the experiments at sufficient spatial

scales would be prohibitively costly. Even in 2D it was necessary to reduce the

spatial scales of the simulation in order to reduce the computational demand.

Despite the aforementioned limitations, VPIC has proven to be a valuable and
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Figure 3.6: A 2D collisional VPIC simulation of two beams in a CBET interaction.
The high intensity pump beam enters the box from the top and the low intensity
probe beam enters the box from the right side. The plasma conditions were chosen
to model those found in the low phase velocity perpendicular crossing geometry
experiments performed on OMEGA.

powerful tool through which kinetic effects were studied on extremely short-time

scales and small spatial scales. VPIC captures the kinetic plasma physics that occur

on time scales less than 1 ps and on spatial scales down to the Debye length, both of

which substantially exceed the resolutions possible using the Thomson-scattering

system discussed in Section 3.3.2. Additionally, the full set of particle velocity

distribution functions is readily available from the VPIC simulations.

The 2D-VPIC simulation shown in Figure 3.6 used a box size of 138×108 µm,

cell size equal to the Debye length, and 512 computational particles-cell-species.

The beams were speckled with 68 µm beam diameters and linear polarizations out

of the crossing plane [51]. For this simulation the beam crossing angle was 99◦

and the pump beam intensity was 2.2× 1015 W/cm2. The probe beam intensity
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was varied to measure CBET saturation at several driven wave amplitudes. The

initial plasma conditions were chosen to match the conditions measured with

Thomson-scattering in the experiments. These plasma conditions included the

super-Gaussian electron velocity distribution functions caused by the Langdon

effect [27, 25]. The edges of the box were field absorbing and particle refluxing

with reinjection from the initial Maxwellian or super-Gaussian velocity distribution

functions for the ions and electrons respectively.



80

4. Study Results

This chapter covers the results obtained from the experimental setup described in

Chapter 3. The first section covers the Thomson-scattering data and the calculated

spectra that were used to measure the plasma conditions in the CBET experiments.

Particular attention will be paid to the measurement of the Thomson-scattered

IAW features, which enabled the measurement of the ion temperatures. Section 2

discusses the measurements of CBET gain that were made with the 3ω TBD. Here,

the results from both the high-phase velocity co-propagating beam configuration

and the low-phase velocity perpendicular propagating beam configuration will

be discussed. In both configurations the collected data extends over both the

unsaturated and saturated CBET regimes. Finally, the VPIC simulation results will

be discussed in the context of the experimental Thomson-scattering and CBET

measurements.
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Figure 4.1: Time-resolved Thomson-scattering spectra measured in the high-
phase velocity co-propagating beam geometry CBET experiment. The (a) EPW
and (b) IAW are measured simultaneously and used to measure plasma conditions.
Both spectra are plotted in log(ADU) to better show the range of spectral features.

4.1 Thomson Scattering Measurements

The Thomson-scattering diagnostic was utilized on every shot in the CBET sat-

uration studies in order to measure the plasma conditions in the beam crossing

volume. Figures 4.1 and 4.2 show the time-resolved Thomson-scattered spectra

corresponding to the highest TOP9 probe beam intensity shots in the high-phase

velocity and the low-phase velocity configurations, respectively. The EPW and

IAW spectral features from every beam used in the experiments are measured

simultaneously on the same camera sensor over the duration of the experiment.

The first ∼ 500 ps of the Thomson-spectra are dominated by light scattered from

the heater beams, which first form the plasma in the gas-jet. The second region in

time was dominated by the CBET pump beams, which also used a ∼500 ps square
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Figure 4.2: Time-resolved Thomson-scattering spectra measured in the low-phase
velocity perpendicular-propagating beam geometry CBET experiment. The (a)
EPW and (b) IAW are measured simultaneously and used to measure plasma
conditions. Both spectra are plotted in log(ADU) to better show the range of
spectral features.

pulse shape. In each spectra the light scattered from the relatively low-intensity

and long-pulse duration TOP9 beam was visible after the the pump beams have

been turned off.

The differences observed in the spectral features between Figures 4.1 and

4.2 are due to differences in the probed plasma conditions and differences in

the selection of beams used in each configuration. In the high-phase velocity

configuration [Fig. 4.1], the plasma was more dense (ne ∼ 1.0×1020 cm−3) and

hotter (Te ∼ 0.9 keV) and the 5 pump beam scattering angles produced spectra with

Thomson-scattering parameter (α = 1/kλDe) values of 2.0, 2.0, 2.6, 2.7, and 3.8.

These values produced an EPW spectrum with three distinct groupings of features

with similar wavelength separations and widths.

In the low-phase velocity configuration [Fig. 4.2], the plasma was less dense
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(ne ∼ 0.7× 1020 cm−3) and cooler (Te ∼ 0.7 keV) and the 4 pump beam angles

produced spectra with scattering parameters of 1.2, 1.2, 3.0, and 3.2. This con-

figuration produced an EPW spectrum with two distinct groupings: a very broad

spectral feature corresponding to α ∼ 1.2 and a very narrow feature corresponding

to α ∼ 3.1.

In both sets of spectra, the change in wavelength separation and widths of the

measured peaks indicate that the plasma conditions evolve over the course of the

experiment. The wavelength separations between the red- and blue-shifted pump

beam EPW peaks decrease with time, indicating a gradual decrease in plasma

density. This decrease in density is an expected consequence of the hydrodynamic

expansion of the plasma into the surrounding vacuum. A more detailed analysis

of the spectral features of the Thomson-scattered signal will be discussed in the

following section.

4.1.1 Thomson-Scattering Analysis

Figure 4.3 shows three fits to the Thomson-scattered spectrum shown in Figure

4.1. The Thomson-scattering fits were calculated as described in Section 2.5.1 for

ions with Maxwellian distributed velocities and for electrons with non-Maxwellain

super-Gaussian distributed velocities as described in Section 2.2.1. The IAW and

EPW spectra are fit simultaneously with identical fitting parameters. The plasma

conditions used to fit these spectra were electron density, electron temperature,

electron super-Gaussian distribution shape, and ion temperature. The ion species

were assumed to be fully ionized and in the 55/45 hydrogen/nitrogen proportion
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Figure 4.3: Fits to the time-resolved Thomson-scattering measurements (Fig. 4.1)
at (top) 750 ps, (middle) 850 ps, and (bottom) 950 ps. Each wavelength-time range
was normalized independently.
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Figure 4.4: Plasma conditions measured using Thomson-scattering for the low-
intensity probe shots in the (a) high-phase velocity co-propagating beam configura-
tion and the (b) low-phase velocity perpendicular-propagating beam configuration.

that the gas-jet was filled, which was justified based on the gas ionization energies

and by measurements from previous Thomson-scattering experiments [47]. Here,

the nitrogen and hydrogen ion temperatures in the plasma were allowed to vary

independently.

For each wavelength range shown in Figure 4.3, the peak amplitudes were

normalized independently. Other variables that were used to fit the data, but that

are not covered further in this work, include plasma flow velocity, drift velocity

between the electrons and ions, and the individual beam scattering powers. These

additional variables are necessary to recover the absolute wavelength shift in the

IAW peaks, the IAW peak asymmetry, and the relative amplitudes of the spectral

features, respectively.

Figure 4.4 shows the nominal plasma conditions measured from low-intensity

probe shots for the high-phase velocity [Fig. 4.4(a)] and low-phase velocity
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[Fig. 4.4(b)] CBET configurations. Here, the nitrogen and hydrogen ion species

temperatures are shown as an average. In these low-intensity probe CBET shots the

ion temperatures were low and the difference between the nitrogen and hydrogen

temperatures were within the error of the measurement.

From the electron density data (ne) in Figure 4.4, it is apparent that the reduced

fill pressure, larger gas-jet nozzle standoff, and later time of the low-phase velocity

measurement resulted in a decreased plasma density. The lower densities in the

low-phase velocity configuration also slightly reduced the steady state electron

temperature due to decreased inverse-bremsstrahlung absorption. It should be

noted that the ion temperatures measured in both configurations are expected to

marginally increase over the course of the experiments due to electron-ion thermal

equilibration. For the low-phase velocity configuration, however, some of the

measured ion heating is likely due to CBET even at this low probe beam intensity.

The next section will discuss the measurement of the ion temperatures in the

high-intensity probe beam shots using the Thomson-scattered IAW features.

4.1.2 Ion Temperature Measurement

Figure 4.5 shows several fits to the IAW feature of the Thomson spectrum from

a high-intensity probe (Iprobe = 4.1× 1014 W/cm2) low-phase velocity CBET

configuration shot. The best fits to the data show that the ion temperatures start

low [Fig. 4.5(a)] and experience rapid heating to peak ion temperatures near 1300

ps and 1600 ps [Fig. 4.5(c) and (d)]. The best fit curves match the data in peak

separation, peak widths, and signal level between the peaks.
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Figure 4.5: Fits to the IAW feature from a high-intensity probe (Iprobe = 4.1×1014

W/cm2) CBET shot in the low-phase velocity perpendicular-propagating beam
geometry. The measured spectra (blue points) are taken at four times which
correspond to the beginning, early-middle, late-middle, and end of the CBET
interaction: (a) 730 ps, (b) 1100 ps, (c) 1300 ps, and (d) 1600 ps, respectively.
Two fits to the data are shown for each frame, which correspond to the best fit with
high-ion temperatures (red solid line) and and example fit with low-ion temperature
(black dashed line). The cold ion temperatures were measured from the low-
intensity probe (Iprobe = 0.1× 1014 W/cm2) CBET shot in the same configuration
[Fig. 4.4(b)].



CHAPTER 4. STUDY RESULTS 88

A series of cold ion temperature fits are shown in Figure 4.5 to contrast the

high-temperature fits and to demonstrate the sensitivity of the Thomson-scattered

spectrum to ion temperature. These cold ion temperatures are taken from Thomson-

scattering fits for the low-intensity probe beam (Iprobe = 0.1×1014 W/cm2) shot in

the same low-phase velocity CBET configuration. The cold ion fits match the data

only at the early 730 ps time step. At every other time step, the cold fits are unable

to match the peak separations and peak widths. Most notably, the cold ion fits

significantly under predict the Thomson-scattered signal level between the peaks

in the spectrum.

Figure 4.6 shows the measured ion temperatures from the low-phase velocity

[Fig. 4.6 (a) and (b)] and the high-phase velocity CBET configurations [Fig.

4.6(c)]. In both configurations, the nitrogen and hydrogen ions are initially cold

(Ti ∼ 0.15 keV) and near thermal equilibrium (Ti,H ∼ Ti,N). In the low-phase

velocity configuration, the nitrogen and hydrogen ion temperatures increased most

rapidly over the period where CBET was most active (1000 - 1300 ps). The amount

of heating the ions experience scaled strongly with the probe beam intensity,

and in each case the nitrogen ions heat more quickly than the hydrogen ions for

equivalent probe beam intensities. At the highest probe beam intensity, the nitrogen

temperature increased by more than a factor of 7, and the hydrogen temperature

increased by more than a factor of 4.

It is important to note that the increased ion heating at these high-probe beam

intensities cannot be attributed to increased inverse bremsstrahlung laser absorption.

As discussed in Section 2.2.1, inverse bremsstrahlung absorption primarily heats



CHAPTER 4. STUDY RESULTS 89

Figure 4.6: Temperatures for the (a) nitrogen and (b) hydrogen ion species in
the low-phase velocity perpendicular-propagating CBET configuration. (c) The
ion temperatures for the highest (blue points) and lowest (red points) probe beam
intensities from the high-phase velocity co-propagating CBET configuration. Each
colored data set represents the ion temperatures measured for a shot with a
different TOP9 probe beam intensity.
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the electrons of the plasma and the ions are only heated after a significant number

of electron-ion collision times, which allow the two particle species to equilibrate.

In this series of shots the electron temperatures were nearly constant and the

electron-ion thermal relaxation times were τH−e = 1.4 ns and τN−e = 0.4 ns for

the hydrogen and nitrogen, respectively. Notably, the ion temperatures actually

exceed the electron temperature (Te∼ 0.7 keV) in the highest-intensity shots, which

indicates that the elevated temperatures must be from the increased power transfer

in the CBET interaction.

For the high-phase velocity CBET experiments, minimal ion heating was ob-

served even at the highest probe beam intensity. Figure 4.6(c) shows the measured

ion temperature data from the lowest and highest TOP9 probe beam intensity shots

in the high-phase velocity CBET configuration. In the low-intensity probe beam

case (Iprobe = 0.02× 1014 W/cm2), the nitrogen and hydrogen were in thermal

equilibrium and showed only marginal increases in temperature (factor of < 1.3).

Even at the highest intensity probe beam (Iprobe = 1.5×1014 W/cm2), the nitrogen

temperature increased by less than a factor of 2 and the ion species stayed nearly

in thermal equilibrium.

4.2 CBET Measurements

The power transferred from the pump beams into the probe beam was measured

using the transmitted beam diagnostic (TBD). Figure 4.7 shows a sample of the

typical data from the TBD camera systems where Fig. 4.7(a) is the time-resolved
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Figure 4.7: Raw data images from the transmitted beam diagnostic showing the
output from the (a) time-resolved and the (b) 2D imaging camera systems.

data showing the power in the probe beam before and after the CBET interaction.

Figure 4.7(b) is the space-resolved data showing the defocussed probe beam near

the target chamber wall with the Wollaston prism polarizer inserted into the beam

path. On this particular shot, the TBD streak camera diagnostic shows significant

power transfer into the output probe beam pulse. On the TBD CCD data the

intensity balance of the two small spots at the center of the image created by the

Wollaston prism indicate that the alignment error in the probe beam polarization

was less than 10◦ from the desired s-polarization.

Figure 4.8 shows the processed data from the TBD streak camera system

[Fig. 4.7(a)]. The output TOP9 probe pulse shape was adjusted to account for

transmission losses such that the end of the input and output pulse shapes are
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Figure 4.8: Processed data from the streaked TBD camera showing the input
(blue dashed curve) and output (blue solid curve) power in the TOP9 probe beam.
The power in one OMEGA pump beam (red solid curve) measured using the P510
diagnostic is shown for reference.

matched from ∼ 1600 ps to ∼ 2000 ps. This transmission measurement and the

correction to the output pulse amplitude accounts for the majority of uncertainty in

the measured CBET gains. The total energy in the input pulse was measured with

the TOP9 diagnostic suite, which enabled the characterization of the power in the

input and output TOP9 pulse shapes.

The power in each pump beam was measured using the P510 diagnostic. The

measured power data for one pump beam is shown in Figure 4.8 to demonstrate

the region where CBET gain was expected. The time-resolved gain in the CBET

interaction was measured using the TBD power data where G = ln(Pout/Pin).
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Figure 4.9: The gain measured at three TOP9 wavelength settings at low probe
beam intensities in the (a) high-phase velocity and (b) low-phase velocity CBET
configurations. The gain was measured at the middle of the 500 ps pump beam
pulse. The linear theory curve (solid black curve) was calculated using the plasma
conditions and the uncertainty in predicted gain (dashed black curve) was calcu-
lated based on the uncertainty in the measured plasma conditions.
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4.2.1 Low-Intensity Probe CBET

The wavelength of the TOP9 probe beam was varied, while maintaining a low probe

intensity to establish a baseline gain measurement for further CBET saturation

studies. Figure 4.9 shows the gain measured in the TOP9 probe at the middle of

the 500 ps pump beam pulse in the high-phase velocity [Fig. 4.9(a)] and low-phase

velocity [Fig. 4.9(b)] CBET configurations. For both series of shots, the TOP9

beam intensity was held at the lowest setting: Iprobe = 0.02× 1014 W/cm2 and

Iprobe = 0.1× 1014 W/cm2 for the high- and low-phase velocity configurations,

respectively.

The gain predicted by linear CBET theory was calculated by the method

described in Section 2.3 using the plasma conditions measured with Thomson-

scattering. For each series of shots, the plasma conditions measured with Thomson-

scattering were relatively constant from shot-to-shot and were consistent with

the plasma conditions presented in Figure 4.4. Shot-to-shot variation in electron

density and temperature was on average ±5%. The uncertainty in Thomson-

scattering plasma conditions was propagated through to the calculated linear gain

and represented as a dashed black line in Figure 4.9. In both configurations, CBET

theory was found to agree well with the measured gains in the TOP9 probe beam.

4.2.2 High-Intensity Probe CBET

The wavelength of the TOP9 probe beam was held constant, while the intensity in

the beam was varied to measure CBET saturation for both the high- and low-phase
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velocity CBET configurations. Thomson scattering was used to measure the plasma

conditions on every shot in order to make comparisons between the measured gain

and the gain calculated using linear kinetic CBET theory.

Figure 4.10 shows the measured time-resolved TOP9 probe gain from the

intensity scaling CBET studies. Each curve represents a separate TOP9 probe

beam intensity shot in either the high-phase velocity [Fig. 4.10(a)] or the low-phase

velocity [Fig. 4.10(b)] CBET configurations. In each plot, the pulse shape used

by the pump beams is shown as a red dashed curve to demonstrate where CBET

gains are expected. The points in each subfigure represent the gain calculated with

linear kinetic CBET theory as described in Section 2.3 using the plasma conditions

measured using Thomson-scattering on each shot.

CBET saturation is apparent in Figure 4.10 for both configurations from the

decrease in gain as the probe intensity was increased. For the high-phase velocity

configuration the measured gains at each probe intensity gradually decrease from

700 ps to 1000 ps at a roughly linear rate, consistent with the measured decrease

in plasma density as shown in Figure 4.4. As the TOP9 probe beam intensity was

increased, the CBET gain was saturated due to the depletion of the pump beam

intensities as described in Section 2.4.1. At every point where the linear CBET

theory gain was calculated, it was found to agree well with the measured CBET

gains when the effects of pump depletion and decreasing plasma density were

taken into account.

For the low-phase velocity configuration, the measured gains at each probe

intensity above the minimum (Iprobe > 0.1×1014 W/cm2) show significant time-
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Figure 4.10: The gain (solid lines) measured in the (a) high-phase velocity co-
propagating and (b) low-phase velocity perpendicular propagating CBET config-
urations for a range of TOP9 probe beam intensities. The pump beam pulse
shape (dashed red line) is shown for reference. Each shot was taken at the TOP9
wavelength where the initial CBET gain curve was at it’s peak value [(a): ∆λ = 0.12
nm, (b): ∆λ = 0.29 nm]. The points are the gain calculated with linear kinetic CBET
theory using the plasma conditions measured with Thomson scattering on each
shot.



CHAPTER 4. STUDY RESULTS 97

dependent drops in gain from 1000 ps to 1300 ps. Additionally, as the probe beam

intensity increases, evidence of saturation was clearly apparent in the decrease in

measured gain. Here, pump depletion was negligible by design and did not have a

significant impact on the measured gains. Instead, both the time-dependent drop in

gain and the decreasing gain with increasing probe intensity were due to CBET

induced ion-heating as described in Sections 2.4.2 and 2.4.4. The elevated ion

temperatures corresponding to these gain measurements are shown in Figure 4.6.

As each low-phase velocity CBET interaction proceeded, increasingly more

energy was added to the plasma in the form of ion heating, causing the gain to

drop over time. Additionally, at higher probe beam intensities more energy was

transferred between the crossing beams and thus more energy was lost to the

ions via the Manley-Rowe relation (Section 2.4.2). When the Thomson-scattering

measured ion temperatures shown in Figure 4.6 were taken into account, linear

CBET theory was found to agree well with the measured gains across all times and

intensities used in this study.

4.2.3 CBET Saturation by Ion Heating

The high- and low-phase velocity CBET results presented in this study represent

two regimes where the Manley-Rowe energy conservation relation results in differ-

ent CBET saturation modes. The relative significance of the energy absorbed by

the plasma due to CBET (γ), derived in Section 2.4.2, provides a means by which

these two regimes may be differentiated (Eqn. 2.102).

Figure 4.11(a) shows the measured CBET gain normalized to the gain cal-
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Figure 4.11: (a) The normalized gain measured in both the low- and high-phase
velocity CBET configurations (blue and red points respectively). (b) The calculated
relative ion heating γ parameter for each configuration is shown with markers
corresponding the the probe beam intensities used in the experiment.

culated with linear CBET theory for the initial plasma conditions (G0) while

accounting for pump depletion. Normalizing the measured gain data to G0 elim-

inates the effect of pump depletion from the energy transfer results. When the

effect of pump depletion is eliminated, the gain data from the high-phase velocity

configuration remains at G/G0 ∼ 1 for all probe beam intensities, indicating that

there is no other significant saturation mechanism in this configuration. The data

from the low-phase velocity configuration, however, shows clear indications of

saturation as the normalized gain drops (G/G0 < 1) at high probe beam intensities.

The two CBET saturation regimes are demonstrated in Figure 4.11(b) by the γ

parameters corresponding to each probe beam intensity. When the relative energy

absorbed by the plasma due to CBET is large (γ > 0.1), the measured CBET

gain will be saturated (G/G0 < 1). In the low-phase velocity configuration, the γ

parameter is 5× higher than in the high-phase velocity configuration for equivalent

probe beam intensities. This higher γ is due to the higher total effective pump beam
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Figure 4.12: The curves for the γ factor calculated with the initial plasma conditions
for the high-phase velocity (red) and low-phase velocity (blue) CBET configurations.
The solid points are calculated using the measured initial conditions for each CBET
shot shown in Figure 4.10. The star points represent the conditions measured at
1250 ps in the low-phase velocity geometry CBET configuration.

intensity (Ilow vph/Ihigh vph ∼ 1.6) resulting from the aligned beam polarizations and

the higher Manley-Rowe energy conversion efficiency (ηlow vph/ηhigh vph ∼ 2.7)

resulting from the larger frequency difference between the probe and pump beams.

The points in Figure 4.12 show the calculated γ factor for each CBET shot

as a function of the inferred driven IAW amplitude (δn/n) from the experiment.

The driven IAW amplitudes were determined from linear CBET calculations using

the initial Thomson-scattering measured plasma conditions and the measured

CBET gains. The data points and curve calculated for the high-phase velocity

configuration remain relatively constant in time throughout the CBET interaction

[Fig. 4.10(a)]. In the low-phase velocity case, however, the driven wave amplitudes

drop over time as the ions heat and the CBET interaction saturates [Fig. 4.10(b)],
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resulting in the late-time data points shown as stars, which represent the plasma

conditions and wave amplitudes near the end of the interaction at ∼ 1250 ps. At

this late time step, the CBET interaction was no longer resonant, which limited the

driven IAW amplitude. Additionally, the γ ion heating parameter for each late-time

data point is smaller due to the increased ion thermal energy and the diminished

energy transfer rate due to the CBET saturation.

From Figure 4.12 it is apparent that CBET interactions with γ > 0.1 experience

CBET saturation by ion heating and are limited to the linear kinetic CBET regime.

Large driven IAW amplitudes are only possible on very short time scales (< 50 ps)

in the low-phase velocity configuration. On long, steady-state time scales the

driven IAW amplitudes are limited to small values (δn/n < 0.02) due to ion-

heating induced saturation. This ion heating saturation prevents CBET interactions

with high γ parameters from reaching the large IAW amplitudes (δn/n > 0.04)

typically associated with nonlinear CBET physics.

4.3 VPIC Results

Simulations were carried out by our collaborators using the code VPIC as described

in Section 3.5 for both of the CBET configurations used in the experiment [52].

In both configurations a single high-intensity pump beam was interacted with

the probe beam in a plasma where the conditions matched the initial Thomson-

scattering measured conditions from the experiment. In these simulations the

reduced spatial scales, 2D geometry, and single-pump beam meant that the sim-
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Figure 4.13: The VPIC laser beam setups for the (a) low- and (b) high- phase
velocity CBET simulations. The plots to the right show the associated phase
velocities normalized to the ion velocity distributions for the (c) low- and (d) high-
phase velocity configurations for both ion species.

ulations could not provide a quantitative match to the data from the experiment.

Instead, these simulations were qualitatively compared to the data in order to

provide insight into the kinetic plasma physics driving the observed ion heating

and CBET saturation.

Figure 4.13 shows the beam setups for both the low- and high- phase velocity

simulations with visualizations of the driven wave phase velocity normalized to the

initial ion thermal velocity distribution functions. As described in Section 2.4.3,

only the particles with velocities near the driven wave phase velocity are able to

be trapped by the wave. In both cases, the low nitrogen thermal velocity meant

that there were relatively few nitrogen ions near the driven wave’s phase velocity.

Due to their higher thermal velocity, there were significantly more hydrogen ions

available to be trapped in the driven ion waves. Consequently, it was mostly the
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hydrogen ions that were responsible for carrying energy out of the ion waves and

into the plasma.

Figures 4.14 and 4.15 show the ion temperatures and 2D velocity distribution

functions for both the hydrogen and nitrogen ion species in the low- and high-

phase velocity VPIC CBET simulations, respectively. Initially in the low-phase

velocity case [Fig. 4.14] both of the ion species were trapped and the distribution

functions were distorted along the diagonal driven IAW vector towards the bottom

right corner of the insets. The trapped ions collisionally detrapped and caused rapid

heating in the nitrogen which experienced a factor of > 3 temperature increase.

The hydrogen ions heated more slowly due to their reduced collision frequency

and showed an increase in temperature by factor of ∼ 1.5. This heating behavior

qualitatively matched the ion temperatures measured with Thomson-scattering in

the experiment for the low-phase velocity CBET configuration [Fig. 4.6 (a) & (b)].

Figure 4.15 shows that in the high-phase velocity simulation the ions were

trapped along the vertical driven IAW vector. Similar to the low-velocity simulation,

the ion trapping effects were much more apparent in the hydrogen distribution

functions due to the larger thermal velocity. However, in this low-phase velocity

case the ion heating was slower and the heating rates of the two ion species were

approximately equal.

Figure 4.16 shows the calculated CBET resonance curve for the ion velocity

distribution functions and plasma conditions produced in the low-phase veloc-

ity VPIC simulations. Here, the variable K(ω) plotted on the y-axis is directly

proportional to gain in the CBET interaction. Initially (t = 0 ps) the peak of the
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Figure 4.14: The 2D normalized VPIC ion distribution functions and ion tempera-
tures for the low-phase velocity CBET simulation. The ion distribution functions are
shown for both species at early (∼ 5 ps) and late (∼ 80 ps) times. The ion tempera-
tures are taken over a 2D average and normalized to the initial ion temperatures.
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Figure 4.15: The 2D normalized VPIC ion distribution functions and ion tempera-
tures for the high-phase velocity CBET simulation. The ion distribution functions
are shown for both species at early (∼ 5 ps) and late (∼ 80 ps) times. The ion
temperatures are taken over a 2D average and normalized to the initial ion temper-
atures.
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Figure 4.16: The CBET gain curves calculated from the distribution functions
produced in the low-phase velocity VPIC CBET simulation (Fig. 4.14) at three time
steps. The frequency of the driven wave (detuning frequency) is shown with the
vertical magenta dashed line.

resonance curve was located at the beat frequency (laser detuning frequency) of

the crossing laser beams, which is shown by the vertical dashed line. After 10

ps ion trapping modified the CBET resonance by flattening the ion distribution

function near the driven wave’s phase velocity. This nonlinear Landau damping

temporarily increased the CBET gain at the driven wave’s phase velocity by de-

creasing the Landau damping and also interestingly produced a secondary peak at

a larger frequency (ω/ωpe ∼ 0.015). Then, as the ion temperatures rose, the CBET

interaction saturated as the damping increased at the driven wave frequency and

the peak of the CBET resonance curve moved to larger frequencies. This evolution

of the gain curve demonstrates how the trapping physics involved in the low-phase

velocity CBET configuration leads to ion-heating saturation where the CBET gains
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are consistent with linear kinetic theory.
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5. Conclusions

This Thesis has discussed the experiments that measured the saturation of cross-

beam energy transfer. A new gas-jet target was activated on the OMEGA laser

system that produced a highly uniform plasma that was diagnosed using Thomson-

scattering. The CBET experiments were performed by crossing a wavelength

tunable probe laser beam with several UV pump beams. The wavelength of

the probe laser was set so that the pumps resonantly beat with the probe and

drove ion acoustic waves that scattered energy from the pumps into the probe. A

series of shots were performed at a range of probe beam intensities in order to

measure the saturation of energy transfer. The time-resolved plasma conditions

were measured on every shot by collecting and analyzing the light Thomson-

scattered from all of the beams used in the experiment. As the probe beam’s

intensity was increased, the amount of energy transferred from the probe beams

also increased. In a high-phase velocity co-propagating pump beam configuration

the dominant energy transfer saturation mode was pump depletion. In a low-

phase velocity perpendicular-propagating pump beam configuration the CBET

interaction was saturated due to ion heating that was a direct consequence of energy
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conservation in the CBET interaction. Here, the large driven ion acoustic waves

trapped and accelerated ions that were then detrapped through ion-ion collisions

where their kinetic energy was converted into ion thermal energy. In every beam

configuration and at every probe beam intensity, the calculated gains from linear

kinetic CBET theory were in excellent agreement with the measured CBET gains

when accounting for the Thomson-scattering measured plasma conditions. The

particle code VPIC qualitatively reproduced the experimental observables and

demonstrated the ion trapping physics and the resulting collisional detrapping and

ion heating effects.

This work leveraged the unique diagnostic and laser capabilities of the OMEGA

laser system to produce highly detailed and novel measurements of simultaneous

laser beam and plasma conditions in a saturating CBET interaction. These experi-

ments eliminated the uncertainties associated with the plasma conditions that were

present in all previous CBET saturation studies and were the first measurements of

CBET saturation by ion heating. These results demonstrated the validity of linear

kinetic CBET theory at high laser intensities and at large driven ion acoustic wave

amplitudes. These results also highlighted the importance of including feedback

from laser plasma instabilities on the plasma conditions for the models that are

used to predict CBET interactions.
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Figure 5.1: The CBET resonance curve and relative probe power spectrum for a
proposed CBET saturation experiment using the high-bandwidth FLUX beamline
on OMEGA.

5.1 Future Work

Recently, high-bandwidth (∆ω/ω > 1%) lasers have become a topic of great

interest to the communities involved in ICF and laser-plasma interaction studies.

These proposed high-bandwidth lasers have the potential to significantly increase

laser absorption in direct-drive implosion targets by mitigating CBET [53]. In

simulations laser bandwidth has also been shown to increase the threshold for hot

electron generation by detuning the SRS and TPD instabilities [54]. The Fourth-

generation Laser for Ultra-broadband eXperiments (FLUX) is a high-bandwidth

laser system that will be implemented on OMEGA where it will serve as a testbed

for future laser development and for laser plasma interaction science.

One application of these laser systems involves using a high-bandwidth laser as

a probe beam in a CBET interaction with a narrow bandwidth pump beam in order
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to measure plasma conditions and probe the ion velocity distribution functions

[55]. In this experiment configuration the wavelength-dependent linear CBET

response in the probe beam and the known pump beam field are used to infer the

plasma conditions in the beam crossing volume. The particle velocity distribution

functions of the plasma may be recovered through careful analysis of both the real

and imaginary refractive index components of this pump-probe CBET system.

The upcoming FLUX system could be used to both generate and measure

saturating CBET interactions. Figure 5.1 shows a CBET resonance curve and a

proposed FLUX power spectrum. Here, the low-power high-bandwidth section of

the probe beam spectrum would sample the linear gain in the CBET interaction as

a function of wavelength, while the high-power narrow-bandwidth section of the

probe beam would drive a saturating CBET interaction. This experiment would

provide a measurement of the imaginary component of the index of refraction

across a wide range of frequencies and would serve as a one-to-one comparison

against the VPIC simulation results that are shown in Figure 4.16.
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