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Abstract
Recent developments in experimental techniques and simulations have led to an
improved understanding of the nonlinear evolution of the two-plasmon-decay (TPD)
instability relevant to direct-drive inertial confinement fusion (ICF). Experiments on
the OMEGA laser used ultraviolet Thomson scattering to observe TPD electron plasma
waves driven by multiple laser beams in a variety of experimental configurations. The
experiments were modeled in 3-D using a hybrid code (LPSE) that combines a pseudospectral wave solver with a particle tracker to self-consistently calculate Landau
damping. Thomson-scattering measurements of several different plasma wavevectors
show a highly anisotropic turbulent TPD driven electron-plasma-wave spectrum and
are well reproduced by LPSE simulations. Direct comparison between simulated and
measured hot-electron spectra indicate that the hybrid-particle model correctly captures
the hot-electron generation mechanism associated with the nonlinear evolution of the
TPD instability.
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Chapter 1
Introduction
Two-plasmon–decay (TPD) is a three-wave parametric instability in which an electromagnetic wave decays into two electron plasma waves (EPW’s) [1, 2]. When multiple laser beams are used, their decay into EPW’s can be synchronized by phase coupling
to common EPWs [3, 4]. Driving the TPD instability above the linear threshold results
in large amplitude EPWs that rapidly reach levels where secondary processes such as
the Langmuir decay instability (LDI) [5] and cavitation lead to a broad spectrum of
large amplitude EPW’s [6–8]. The resulting broad spectrum of large amplitude EPW’s
can stochastically accelerate electrons from the bulk velocity distribution to high energies (20 to >100 keV) [9, 10].
Two-plasmon decay is an important instability to understand for the development
of laser driven inertial confinement fusion (ICF) due to its generation of hot electrons
[11]. To minimize the amount of PdV work required to compress an ICF capsule,
it is desirable to keep the fuel near the Fermi-degenerate pressure during compression.
High-energy electrons accelerated by TPD driven EPWs could cause premature heating
of the fuel, which could inhibit compression of the core and reduce the gain of the
implosion [12, 13]. Hydrodynamic codes suggest that if more than ∼ 0.1% of the
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incident laser energy is coupled to the cold fuel in the form of hot electrons, ignition
will not be possible [14].
The main result presented in this Thesis is the direct observation of TPD driven
common EPWs and corresponding Langmuir decay waves using UV Thomson scattering. Two-plasmon-decay common EPWs driven by between two and five laser beams
on the OMEGA laser were observed using an independent Thomson scattering probe.
In addition to the anticipated strongly driven common modes, the Thomson-scattering
measurements showed spectral features consistent with weak turbulence generating a
broad (wave vector) spectrum of driven EPWs. These results are corroborated by 3-D
numerical calculations and show promise as a way to benchmark future developments
in TPD simulations.
The existence of the two-plasmon decay instability in ICF-relevant plasmas was
experimentally established using Thomson scattering (TS) and electron spectrometry
[15, 16]. Observations of 3/2ω0 , 1/2ω0 emission [17–20] and hard x-ray signatures
(generated through bremsstrahlung from the hot-electrons [21, 22]) have also been attributed to TPD. Thomson scattering is the most direct measurement of TPD because it
directly probes the driven EPWs, but previously Thomson scattering was used to probe
TPD driven waves only in experiments using a single CO2 drive laser [23–25]. The
3/2ω0 signature is blueshifted light generated through Thomson scattering of the drive
beams off TPD driven electron plasma waves (self-Thomson scattering) [26, 27], but
3/2ω0 observations have proven to be useful for inferring only the qualitative behavior
of the TPD instability [28]. Measurements of 1/2ω0 are similar to 3/2ω0 measurements in that the light can be generated by self-Thomson scattering, but there are also
other mechanisms such as inverse resonance absorption and inverse parametric decay
that can generate 1/2ω0 light [20].
Early multiple-beam experiments showed evidence of TPD-generated hot electrons
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when the single-beam growth rates were significantly below threshold [29]. These
studies suggested that TPD hot-electron generation was governed by the overlapped
laser intensity. Arguments based on energy and momentum conservation were used
to show that linear mode coupling of multiple drive beams to a common EPW could
only occur if the drive beams shared the same angle relative to the EPW (Fig. 1.1) [3].
Subsequent experiments showed that hot-electron generation scaled with the maximum
multiple-beam growth rate calculated from linear theory [4]. These experiments relied
on hard-x ray measurements, whose generation is inherently linked to the nonlinear
saturation of the TPD instability.

Figure 1.1: Wavevector matching condition for multiple drive beams (k0,i ) to couple to a common EPW
(kc ). Because the coupling must occur at a single density and temperature, the backward-propagating
decay wavevectors (k0,i − kc ) are equal in magnitude.

While linear gain calculations have proven to be a useful for determining the threshold for the onset of TPD, once driven above threshold, the instability becomes nonlinear
and the plasma wave amplitudes saturate within a small fraction of typical experimental time scales. Accordingly, all current experimental techniques are useful only for
determining the threshold for the onset of TPD and its quasi-steady state behavior after nonlinear saturation. Predictive models of TPD ultimately require 3-D numerical
calculations that capture the relevant nonlinear physics.
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Numerical TPD calculations have shown success in predicting the qualitative behaviors of the TPD instability in the nonlinear regime, such as 3/2ω emission [28]
and hot-electron generation [9], but making quantitative predictions of experimental
observables has proven to be challenging. Two-plasmon decay calculations require a
minimum of two spatial dimensions to observe instability, and temporal and spatial
resolution comparable to the period and wavelength of the drive beams (∼ fs and µm).
ICF relevant experiments occur on nanosecond temporal and millimeter spatial scales,
giving six orders of magnitude temporal scale separation and 3N orders of magnitude
of spatial scale separation between TPD simulations and experiments (where N is the
number of spatial dimensions). Most numerical predictions of TPD have used either
PIC (particle-in-cell) codes [11] or fluid codes based on the extended Zakharov equations of TPD [30]. While PIC codes inherently contain all of the important nonlinear
physics, their high computational cost has not allowed them to be scaled up to the point
of point of making direct comparisons with experiments. Fluid codes are less expensive
and have the potential to be run at experimentally relevant scales even in 3-D [8], but
have not yet been shown to reproduce experimental observables with sufficient accuracy to be integrated into hydrodynamic predictions of ICF implosions.
In the experiments described below, an independent ultraviolet Thomson-scattering
probe beam was used to isolate EPWs driven by multiple-beam TPD, which allowed
for a quantitative analysis of the TPD driven Thomson-scattering spectrum. Thomsonscattering from primary TPD EPWs was characterized by a narrow [1.6 ± 0.1-nm
full-width-at-half maximum (FWHM)], driven scattering peak at a peak wavelength
(423.1 ± 0.2 nm) consistent with scattering from common TPD EPWs. A second
peak in the scattering spectrum, corresponding to Langmuir decay of TPD EPWs, suggests the Langmuir decay instability as a TPD saturation mechanism. In an alternate
Thomson-scattering configuration where the common-wave matching conditions were
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not satisfied, a qualitatively similar TPD driven EPW spectrum was observed, indicating saturation of EPW wavevector space through secondary processes such as LDI.
A TPD symmetry experiment was designed to study the relationship between the
nonlinear saturation of the multi-beam TPD instability and hot-electron production.
The measurements verify the importance of common EPWs generating hot-electrons
at near threshold conditions, but show that hot-electron production is more strongly
correlated with the overlapped drive beam energy than the linear growth rate in the
strongly driven regime. This result shows the importance of nonlinear calculations for
predicting TPD driven hot-electron production.
The measurements are compared to predictions from a 3-D hybrid code (LPSE)
that combines a pseudospectral wave solver for calculating the evolution of electron
plasma and ion-acoustic waves with a particle tracker for calculating nonlinear Landau
damping. The numerical predictions show excellent agreement with the Thomsonscattering measurements in terms of the frequency, width, and relative amplitudes of
the common-wave and turbulence driven scattering peaks, suggesting that the relevant
nonlinear physics is being captured. The predictions of hot-electron production show
good agreement with the measured instability threshold and intensity scaling and reasonably reproduce the absolute hot electron fraction and temperature. The 3-D nature
of the code allowed for an accurate reproduction of the experimental geometry and
techniques were developed for making direct comparisons between measurements and
LPSE calculations by combining LPSE calculations with predictions from hydrodynamic simulations.
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Chapter 2
Theory
The present chapter introduces the background plasma physics needed to understand the main results of this thesis. The goal of this chapter is to provide a basic
outline of the main results leading up to how the linear growth of the multi-beam TPD
instability scales with various plasma parameters. A few other results that will be relevant to the discussions throughout this thesis are derived along the way. Section 2.1
gives a brief derivation of the fluid description of a plasma, which provides a basis
for the remainder of the derivations in this chapter. In section 2.2 a perturbation technique is used to derive the normal modes (plasma waves) of a plasma in the absence
of applied fields or fluid flows and the various wave interactions that are relevant to the
remainder of this thesis are outlined. Section 2.3 outlines the results of single-beam
homogeneous TPD theory and gives a detailed derivation of the multi-beam homogeneous TPD growth rate. Section 2.4 derives the single-beam TPD convective gain in
an inhomogeneous plasma, which determines the scaling of the TPD linear gain with
fundamental plasma parameters. Section 2.5 gives the theoretical basis for Thomson
scattering, and Sec. 2.5.1 discusses the special case of Thomson scattering from TPD
driven EPWs.
The units that will be used throughout this thesis are CGS except for intensities,
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which are given in W/cm2 , and temperatures, where the replacement kB T → T has been
made (kB is Boltzmann’s constant) such that T has units of keV. In the discussion on
hot-electron production and the corresponding hard-x-ray measurements, photon and
electron energies are given in terms of keV.

2.1

The fluid description of a plasma

A plasma is a gas of charged particles where the average potential energy between
particles is much less than the average kinetic energy of the particles [31]. In the absence of particle sources or sinks, and neglecting collisions, the time evolution of a
plasma can be described by conservation of six-dimensional phase space


qs
v×B
d fs (x, v,t) ∂ fs (x, v,t)
=
+ v · ∇ fs +
E+
· ∇v f s = 0
dt
∂t
ms
c
where only Lorentz forces are being considered

h

dv
dt

=

qs
ms

E + v×B
c

(2.1)

i
. This equation

is known as the Vlasov equation, and (when combined with Maxwell’s equations) it
describes the full temporally and spatially resolved velocity of every particle in the
plasma in the absence of collisions.
The interactions that occur in a plasma are typically broken down into three categories: particle-particle, wave-particle, and wave-wave. Collisions (particle-particle
interactions) have already been neglected in Eq. 2.1. A further simplification can be
made by neglecting wave-particle interactions and considering only the average plasma
behavior (at each point in space). This description of the plasma represents the local
plasma conditions with quantities like density, average particle velocity, pressure, etc...
These quantities are given by the velocity moments of the distribution function. The
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first two moments of the distribution function (0th - 1st) are defined

ns (x,t) ≡ qs
qs
us (x,t) ≡
ns

Z

dv fs (x, v,t),
Z

dvv fs (x, v,t),

which represent the particle density and average velocity (s represents the particle
species). The corresponding moments of Eq. 2.1 give the time evolution of these
quantities
∂ ns (x,t)
+ ∇ · (ns us ) = 0,
∂t


∂ us (x,t)
qs
us × B
∇ps
+ us · ∇us =
E+
−
,
∂t
ms
c
ms ns

(2.2)
(2.3)

which are referred to as the continuity and momentum equations, respectively. When
combined with Maxwell’s equations, the moments of the Vlasov equation give the fluid
description of a plasma.
The pressure (ps ) in Eq. 2.3 is given by the 2nd moment of the distribution funcR

tion [∝ dvvv f (x, v,t)] and should rightfully be described as the divergence of a rank
two tensor, but reduces to the gradient of a scalar for an isotropic velocity distribution


P̄¯ s = ps δi j . All of the moments of the Vlasov equation (Eq. 2.1) contain the next
higher moment of the velocity distribution function. The equations are truncated by
γ

assuming either an isothermal, (ps = ns Ts ) or adiabatic (ps /nss = const.) equation of
state, where γs = (2 + N)/N, and N is the number of degrees of freedom.
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Plasma waves

The normal modes (plasma waves) of a homogeneous plasma are determined by
looking at the behavior of small perturbations of the form

ne (x,t) = n0 + n1 (x,t)

u(x,t) = u1 (x,t)

E(x,t) = E1 (x,t)

B(x,t) = B1 (x,t),
(2.4)

where it is assumed that there is no zero-order flow or fields. Substituting into Eq. 2.2,
2.3, and Maxwell’s equations; keeping only first order terms; and assuming plane wave
solutions [n1 (x,t) = n1 ei(kx−ωt) and similarly for E1 , B1 , v1 ] gives a closed system of
linear equations (where coordinates have been chose such that k||x̂). For a 2 species
(ion/electron) plasma, there are eight fluid equations with 14 unknowns. There are additionally eight Maxwell equations, but ∇ · B = 0 behaves like an initial condition, and
in a completely ionized plasma, charge conservation is redundant with mass conservation, so Maxwell’s equations provide only six new equations. Non-trivial solutions
exist when the determinant of the matrix of coefficients vanishes, giving the dispersion
relations
2
ω 2 = ω pe
+ k2 c2 ,

(2.5)

2
ω 2 = ω pe
+ 3k2 v2te ,

(2.6)

ω 2 = c2s k2 ,

(2.7)

p
where me /mi  1 and vte ∼ vti  c were used, vte ≡ Te /me is the electron therq
p
i
2
mal velocity, ωpe ≡ 4πne e /me is the plasma frequency, and cs = ZTem+3T
is the
i
sound speed. These three dispersion relations correspond to transverse electromagnetic
(EMW), longitudinal electrostatic (EPW) [32], and longitudinal ion-acoustic (IAW)
waves, respectively. In the absence of zero-order magnetic fields, Eq. 2.5, 2.6, and 2.7
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determine the three types of possible plasma waves, and it is assumed (unless specified
otherwise) that all plasma waves satisfy their respective dispersion relation exactly.
2 . This defines the critical density
From Eq. 2.5, it is clear that for k ∈ R, ω 2 ≥ ωpe

for light with frequency, nc ≡ me ω 2 /4πe2 . At densities greater than the critical density,
k becomes imaginary and EMWs are strongly damped.
The two terms on the RHS of the EPW dispersion relation (Eq. 2.6) can be interpreted as being due to the restoring force of the electric field generated when electrons
are displaced relative to the ions and the pressure force due to gradients in the electron
temperature/density, respectively. In the present discussion, the second term (3k2 v2te )
2 ), and many of the approximations
is typically much smaller (∼ 5%) than the first (ωpe

that are used rely on the assumption that kvte  ωpe . This assumption is conventionally
written kλde  1, where λde ≡ vte /ωpe is known and the Debye length and corresponds
to the typical interaction length of a charged particle in a plasma.

2.2.1

Wave-wave interactions

By keeping products of first order terms in Eq. 2.2, 2.3, terms with the form
Ae±i[(k1 ±k2 )·x−(ω1 ±ω2 )t] are generated that lead to three-wave coupling between plasma
waves if the frequency and wavevector matching conditions are satisfied

∑ ωi = 0,

(2.8)

∑ ki = 0.

(2.9)

i

i

Three types of three-wave couplings will be discussed
• TPD:

EMW → EPW + EPW

• LDI:

EPW → EPW + IAW
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EMW → EMW + EPW

where the arrows indicate the typical direction of energy flow. All of these processes
can be shown to lead to unstable (growing) solutions using a linear instability analysis where one of the waves is treated as a zero-order source term [33]. This type of
analysis will be carried out for TPD only. The other two cases will be discussed only
qualitatively.
In addition to wave-wave couplings, wave-particle coupling can occur through processes such as Landau damping (see Sec. 2.2.4) or induced scattering [31]. Waveparticle couplings are described by the interaction between plasma waves and the particle velocity distribution.

2.2.2

Langmuir decay instability

The Langmuir decay instability (LDI) is the decay of an EPW into another EPW
and an IAW. The frequency of IAWs is typically less than 1% of the EPW frequency,
so the frequency matching condition (Eq. 2.8) shows that the daughter EPW will have
a frequency just slightly lower than the original EPW. Because both TPD and SRS generate large amplitude EPWs, this instability has been studied as a saturation mechanism
[10, 28, 34–36].

2.2.3

Stimulated Raman Scattering

Stimulated Raman scattering (SRS) is the decay of an EMW into an EMW and an
EPW. Stimulated Raman scattering can occur only at densities below nc /4 because the
daughter EMW would be beyond its critical density at higher densities (From Eq. 2.5,
2.6). Similar to TPD, large amplitude EPWs driven by SRS can generate hot electrons,
but the phase velocities of SRS EPWs tend to be smaller than those of TPD driven
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waves, and thus SRS is typically associated with a colder hot-electron spectrum than
TPD (because the hot-electron temperature is strongly correlated with the pump intensity, this is only useful in determining the relative importance of the two instabilities
between experiments with the same pump intensity).
Stimulated Raman scattering is typically not considered to be energetically important in direct-drive ICF because SRS is predominantly a single beam instability, and
the single-beam growth rates are small. Multiple drive beams can theoretically pump
common SRS daughter waves [37], but experiments suggest that the contribution of
SRS to hot-electron production is small relative to TPD in direct-drive ICF relevant
configurations (see Chapter 5).

2.2.4

Landau Damping

Landau damping is a wave-particle interaction where an electron with velocity v and
an EPW with phase velocity ωk/k2 can interact strongly if the component of the electron velocity along the phase velocity of the wave is near the phase velocity (k̂ ·v ≈ ω/k)
[38]. When this condition is satisfied, electrons with projected velocity slightly smaller
than the phase velocity (k̂ · v < ω/k) are accelerated, while electrons with projected
phase velocity slightly greater than the phase velocity of the wave (k̂ · v > ω/k) are
decelerated by the wave. Typically there is a greater portion of electrons with smaller
projected phase velocity (k̂ · v < ω/k), which leads to a net damping effect. For a
Maxwellian electron velocity distribution and kλde  1, the Landau damping rate is
[39]
r
γld =



π ωpe
1
3
exp −
− .
8 (kλde )3
2(kλde )2 2

For the plasma conditions considered here (Te ≈ 2 keV and ne /nc ≈ 0.25) electron
Landau damping of EPWs is comparable to collisional damping (∼ 1 ps−1 ) at kλde =
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0.22. The landau damping rate is exponential with increasing kλde , and EPWs are
strongly damped for kλde > 0.3, which is defined as the Landau cutoff.
By conservation of energy, Landau damping of EPWs leads to a net acceleration of
electrons, and when there is a source of large amplitude EPWs, it can lead to an electron velocity distribution with a significant hot-electron tail. Because Landau damping
is a wave-particle interaction, it falls outside the scope of fluid theory, and is typically
derived starting from the Vlasov equation (Eq. 2.1). The derivation follows similarly to
the linear analysis used to derive the normal modes of a plasma in the fluid approximation, but a Laplace, rather than Fourier, transform is used to treat the temporal behavior,
which leads to a singularity in the complex plane at k̂ · v = ω/k.
The linear Landau damping rate, which is proportional to the local slope and amplitude of the velocity distribution function, can become nonlinear in the presence of a
source (e.g., TPD) that significantly modifies the distribution function. If the velocity
distribution varies slowly on plasma wave time scale, nonlinear Landau damping can
be treated using quasilinear theory [10, 31, 38]. Note that the term “nonlinear Landau
damping” is most often used to refer to the stage of Landau damping where particles
become trapped in the wave leading to reduced damping, but in the present context this
will always refer to the situation where modification of the electron velocity distribution
due to Landau damping cannot be neglected.

2.3

Two-plasmon decay

Two-plasmon decay (TPD) results from the coupling between an EMW and two
EPWs. The TPD linear growth rate can be derived from the fluid equations (Eq. 2.2,
2.3) by including a zero-order oscillating fluid velocity induced by the electric field of
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the drive beam. The results from the single-beam derivation are outlined in Sec. 2.3.1.
The multi-beam derivation is worked out in detail in Sec. 2.3.2.

2.3.1

Single-beam TPD

For a single incident drive beam with frequency and wavevector (ω0 , k0 ), the TPD
frequency and wave vector matching conditions are

ω0 = ω1 + ω2 ,

(2.10)

k0 = k1 + k2 ,

(2.11)

where (ω1 , k1 ) and (ω2 , k2 ) correspond to the daughter EPWs. It is clear from Eq.
2.10 that one of the daughter waves will have ω > ω0 /2 and one will have ω < ω0 /2
(assuming ω1 6= ω2 ), and it will be shown in Sec. 2.4 that growth can occur only if
k1 · k2 < 0. Therefore, one EPW must have k · k0 > 0 while the other has k · k0 < 0,
and using Eq. 2.11, 2.6 it is apparent that the higher frequency EPW also has k · k0 > 0.
By convention, this wave corresponds to (ω1 , k1 ) and is called the forward-propagating
EPW while the wave corresponding to (ω2 , k2 ) is called the backward-propagating
EPW.
The TPD single-beam linear dispersion relation in a homogeneous plasma is [33]

2
ω 2 − ωek


 |(k − k0 )2 − k2 |2
2
|k · v0 |2 ,
(ω − ω0 )2 − ωek−k
=
0
4k2 |k − k0 |2

2 + 3k2 v2 , and v ≡ qE /mω is the classical electron velocity in a
where ωek ≡ ω pe
0
0
0
te

sinusoidal drive field with amplitude E0 (see Appendix B). Letting ω = ωr + iγ and
assuming that the real part of the EPW frequencies satisfies the EPW dispersion relation
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(Eq. 2.6) gives the TPD linear growth rate in a homogeneous plasma

γ=

|(k − k0 )2 − k2 |
|k · v0 |.
4k|k − k0 |

(2.12)

The normalized single-beam growth rate is shown in Fig. 2.1. The growth rate is
maximum along a hyperbola in the plane of polarization (parallel to v0 )
2
= k|| (k|| − k0 ),
k⊥

(2.13)

where k|| and k⊥ are the components of the primary TPD driven EPW k-vector (k)
parallel and perpendicular to k0 respectively.

Figure 2.1: Normalized single-beam TPD growth rate with black dashed lines corresponding to the
maximum growth rate hyperbola. The wavevector matching condition (k0 = k1 + k2 ) for a typical decay
along the maximum growth hyperbola is shown with white arrows.

2.3.2

Multi-beam TPD

The linear growth rate for multiple-beam TPD is derived by assuming transverse
sinusoidally oscillating pump waves with constant amplitude. The pump is assumed to
be small enough that the growth rate is much smaller than the plasma frequency, and ac-
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cordingly terms quadratic in the pump amplitude are neglected. From Eqs. 2.2, 2.3, the
linearized electron fluid equations for longitudinal waves (B1 ≡ 0) in a homogeneous
(n0 =const.) plasma with a zero order fluid velocity [u0 (x,t)] are
∂ n1
+ ∇ · (n0 u1 + n1 u0 ) = 0,
∂t

(2.14)

e
3v2
∂ u1
+ u1 · ∇u0 + u0 · ∇u1 + E1 + te ∇n1 = 0.
∂t
me
n0

(2.15)

Assuming a transverse drive field (u0 = v0 ) implies ∇ · v0 = 0, and because only longitudinal EPWs are being considered (∇ × u1 = 0), it is convenient to define a velocity
potential u1 = ∇ψ. Additionally, letting E1 ≡ −∇φ and combining Eqs. 2.14, 2.15
with Poisson’s equation gives a closed set of linear differential equations for n1 , ψ, and
φ
∂ ne
+ n0 ∇2 ψ + v0 · ∇n1 + ∇n0 · ∇ψ = 0,
∂t

(2.16)

∂ψ
e
3v2
− φ + te n1 + v0 · ∇ψ = 0,
∂t
me
n0

(2.17)

∇2 φ = 4πen1 ,
Solving Eq. 2.17 for n1 and substituting back in gives







∂2
1
∂ v0
∂
e ∂
2
2
− 3vte ∇ + ∇n0 · ∇ +
· ∇ + 2v0 · ∇
ψ−
+ v0 · ∇ φ = 0,
∂t 2
n0
∂t
∂t
m ∂t
(2.18)




e
2 2
2 n0
2 n0 ∂
3vte
∇ − ω pe
φ + ω pe
+ v0 · ∇ ψ = 0,
(2.19)
m
N0
N0 ∂t

2 ≡ 4πN e2 /m , and the drive field has been assumed to be sufficiently small
where ωpe
e
0

to neglect products of v0 , and the density gradient sufficiently small (long scalelength)
to neglect v0 ·∇n0 . Assuming a homogeneous density profile (n0 = N0 =const.) reduces
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Eqs. 2.18, 2.19 to





∂ v0
∂
∂2
e ∂
2 2
− 3vte ∇ +
· ∇ + 2v0 · ∇
+ v0 · ∇ φ = 0,
ψ−
∂t 2
∂t
∂t
m ∂t



∂
e 2 2
2
2
+ v0 · ∇ ψ = 0,
3vte ∇ − ω pe φ + ω pe
m
∂t

(2.20)

(2.21)

For two incident drive beams with the same frequency but different wavevectors

v0 (x,t) =

i 1h
i
1h
v01 e−i(ω0t−k01 ·x) + c.c. + v02 e−i(ω0t−k02 ·x) + c.c. .
2
2

Note that the assumption of transversality (∇ · v0 = 0) requires k0i · v0i = 0. Taking a
Fourier transform in space and time of the form
Z

ψ(k, ω) =

d 3 xdt ψ(x,t)ei(k·x−ωt)

and letting ψ ≡ ψ(k, ω) and ψ±i ≡ ψ(k ± k0i , ω ± ω0 ) and similarly for φ in Eq. 2.20,
2.21 gives
(−ω

2

2
+ 3k2 vte
)ψ +



ω0  ∗
ω0 
ω+
(γ1 ψ+1 + γ2 ψ+2 ) + ω −
(γ1 ψ−1 + γ2∗ ψ−2 )
2
2
ieω
ie
−
φ+
[γ1 φ+1 + γ1∗ φ−1 + γ2 φ+2 + γ2∗ φ−2 ] = 0,
m
2m
(2.22)

2
iω pe
e 2
2
2
]φ − iω pe
ωψ +
[ω pe + 3k2 vte
[γ1 ψ+1 + γ1∗ ψ−1 + γ2 ψ+2 + γ2∗ ψ−2 ] = 0, (2.23)
m
2
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where γi ≡ k · v0i . Solving Eq. 2.23 for φ and plugging into Eq. 2.22 while assuming
kv0i  ωpe and kvte  ωpe gives

ψ=

"

2
ω pe
2)
2k2 (ω 2 − ωek

+

1
2
ωek
+1

1
2
ωek
+2

2
(ωk2 + ω+ k+1
)γ1 ψ+1 +

2
)γ2 ψ+2 +
(ωk2 + ω+ k+2

1
2
ωek
−1

1
2
ωek
−2

2
(ωk2 + ω− k−1
)γ1∗ ψ−1

#
2
)γ2∗ ψ−2 ,
(ωk2 + ω− k−2

(2.24)
which generates an infinite hierarchy of coupled equations for ψ. Note that the
ψ(k + mk0i , ω + mω0 ) are Fourier coefficients that give the amplitude of the corresponding EPW (m ∈ Z), so Eq. 2.24 shows that a given wave is coupled to the
waves with frequencies different from its own by integer multiples of ω0 . This hierarchy is truncated by assuming the plasma waves satisfy the linear dispersion relation (Eq. 2.6) near quarter critical densities, and thus only coefficients corresponding to the frequencies ω and ω − ω0 can have non-negligible amplitudes. Letting
(k, ω) → (k − k01 , ω − ω0 ) in Eq. 2.24 gives

ψ−1 =

2
ω pe

1
2
(ω− k−1
+ ωk2 )γ1 ψ
2
2
2
2
2k−1 (ω− − ωek−1 ) ωek
+

+
+

1
2
ωek
+2−1

1
2
ωek
−2−1

"

1
2
ωek
−1−1

2
2
(ω− k−1
+ ω−− k−1−1
)γ1∗ ψ−1−1

(2.25)

2
2
(ω− k−1
+ ωk+2−1
)(γ2 − k01 · v02 )ψ+2−1

#
2
2
(ω− k−1
+ ω−− k−2−1
)(γ2∗ − k01 · v∗02 )ψ−2−1 .

Looking at terms of the form
Z

ψ±1∓2 =

d 3 xdt ψ(x,t)ei[(k±(k01 −k02 ))·x−ωt] ,
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it is apparent that ψ±1∓2 = ψ if

(k01 − k02 ) · x = 0,

(2.26)

which is the equation for a plane through the origin with normal k01 − k02 . Because
both drive beams are assumed to have the same frequency, the linear dispersion relation
for electromagnetic waves (Eq. 2.5) implies k01 = k02 ≡ k0 . Rewriting Eq. 2.26 as
k̂01 · x = k̂02 · x shows that the plane bisects k01 and k02 . This is the common-wave
matching condition for two drive beams. For more than two drive beams, an equation
similar to Eq. 2.26 is generated for each pair of beams. These can be simultaneously
satisfied only along on axis relative to which each drive beam has a common azimuthal
angle, which is the common-wave matching condition for more than two drive beams.
2.
Restricting k to the plane bisecting the k0i gives (k ± k01 )2 = (k ± k02 )2 ≡ k±

Neglecting terms of the form ψ±i± j as off-resonant in Eq. 2.25 gives

2
2
(ω−
− ωek
)ψ−1 = η [γ1 + γ2 − k01 · v02 ] ψ,
−

where η ≡

2)
ω pe (k2 −k−
,
2
2k−

(2.27)

ω ≈ ω pe , ω0 ≈ 2ω pe , and kvte  ω pe have been used. Similarly,

the equations for ψ and ψ−2 are
2
(ω 2 − ωek
)ψ = η [γ1∗ ψ−1 + γ2∗ ψ−2 ] .

(2.28)

2
2
(ω−
− ωek
)ψ−2 = η [γ1 + γ2 − k02 · v01 ] ψ,
−

(2.29)

The dispersion relation is given by the characteristic equation generated by Eqs. 2.27,
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2.28, 2.29
2
2
2
(ω 2 − ωek
)(ω−
− ωek
) = η 2 [γ1∗ (γ1 + γ2 − k01 · v02 ) + γ2∗ (γ1 + γ2 − k02 · v01 )],
−

or


2
2
2
2
∗
∗
(ω 2 − ωek
)(ω−2 − ωek
)
=
η
|k
·
(v
+
v
)|
−
(k
·
v
)(k
·
v
)
−
(k
·
v
)(k
·
v
)
.
01
02
01
02
02
01
01
02
−

The growth rate is determined by letting ω = ωr + iγ for γ  ωr and assuming ωr satisfies the
linear EPW dispersion relation

γ=

|(k − k0 )2 − k2 |
4k|k − k0 |

q
|k · (v01 + v02 )|2 − (k · v∗01 )(k01 · v02 ) − (k · v∗02 )(k02 · v01 ),

which reduces to the single beam linear growth rate (Eq. 2.12) when one of the v0i = 0. The first
term in the square root can be interpreted as corresponding to the usual single beam growth rate,
and the last two terms result from the polarization interaction of the drive beams and are unique
to the common-wave case. Note that the growth rate for two co-propagating cross-polarized
√
beams (with the same intensity and phase) is 1/ 2 of the growth rate for a single beam with
the same (total) intensity.
Generalizing to N drive beams, the electron oscillation velocity is

v0 (x,t) =

1
2

N

h
i
−i(ω0 t−k0 j ·x)
v
e
+
c.c.
,
∑ 0j

j=1

and the N-beam linear homogeneous growth rate is

!1/2
2
N
N
N
|(k − k0 )2 − k2 | 
γ=
k · ∑ v0i − ∑ k · v∗0i ∑ k0i · v0 j  ,
4k|k − k0 |
i=1
j=1
i=1

(2.30)

where the v0i are in general complex, corresponding to an arbitrary relative phase between the
drive beams. Equation 2.30 is only valid when all of the beams (pairwise) satisfy Eq. 2.26. This
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condition can be written succinctly as
N

N

∑ ∑ |(k0i − k0 j ) · x| = 0

i=1 j=1

.

2.4

Single beam TPD in an inhomogeneous plasma

While linear homogeneous growth rate calculations can provide valuable insight into the
nature of an instability, they give little information about how much an instability will grow
in a realistic (inhomogeneous) plasma. In deriving the linear homogeneous growth rate it was
assumed that the drive beams were perfectly phase matched to the daughter waves, however
in an inhomogeneous plasma, the wavevectors are changing as a function of density, and the
waves eventually fall out of phase. The amount that a given plasma wave can grow before this
dephasing causes the growth rate to vanish is called the convective gain. In addition to growing
convectively (in space), a wave can also grow absolutely (in time) at a fixed point in space.
When this occurs, the density gradient does not provide a saturation mechanism, and the wave
amplitudes saturate via other nonlinear mechanisms.
The present section is divided into three subsections. To illustrate the techniques used
throughout this section, the simple case of EPW propagation in an inhomogeneous plasma is
derived in Sec. 2.4.1. The same approach is then applied to derive coupled wave equations for
TPD in a homogeneous plasma in Sec. 2.4.2. Finally, the results of Sec. 2.4.1, 2.4.2 are used to
derive the TPD linear gain in Sec. 2.4.3.
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Electron plasma waves in a linear density gradient

Returning to Eq. 2.18, 2.19 and allowing for a static linear density gradient along the xdirection [n0 (x) ≡ N0 (1 + x/L)] gives







N0 ∂
∂ v0
∂
e ∂
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− 3vte ∇ +
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· ∇ + 2v0 · ∇
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(2.31)

(2.32)

Neglecting the coupling to the drive beams (v0 = 0), Eq. 2.31, 2.32 reduce to
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∂
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(2.33)
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m
N0
N0 ∂t

(2.34)

of Eq. 2.34, substituting in from Eq. 2.33, and expanding to lowest order in 1/L gives
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∂4
2 ∂
2 ∂
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2 ∂
− 3vte 4 + ωpe 2 +
ψ =0
ωpe − 3vte 2 + xωpe 2
∂ x2 ∂t 2
∂x
∂x
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∂x
∂x
∂x

(2.35)

Note that in the limit L → ∞, Eq. 2.35 reduces to the equation for a plane EPW in a homogeneous plasma with solutions given by the usual normal modes satisfying the EPW dispersion
relation (Eq. 2.6). Accordingly, we make the substitution ψ(x,t) = u(x,t)ei(kx−ωt) , and assuming ψ(x,t) is approximately represented by plane wave solutions, u(x,t) will be a slowly
varying function, allowing all derivatives of u(x,t) higher than first order to be neglected giving
"

∂
∂
ω
+ vg +
∂t
∂ x 2kL

2
ωpe
1 + ikx 2
ω

!#
u = 0,

(2.36)

where Eq. 2.6 has been used and vg ≡ 3kv2te /ω is the (homogeneous) EPW group velocity.
This type of approximation is variously referred to as a slowly-varying-envelope or WKBJ [40]
approximation. Physically, the first two terms in Eq. 2.36 show that the envelope of an EPW

CHAPTER 2. THEORY

23

propagates at the group velocity, and the last two terms represent perturbations to this envelope
introduced by a linear density gradient.

2.4.2

Two-plasmon-decay coupled wave equations in a homogeneous plasma
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Starting with the Eq. 2.20, 2.21 For a single incident drive beam

v0 (x,t) =

i
1 h i(k0 ·x−ω0t)
v0 e
+ c.c. ,
2

(2.37)

and we make a slowly varying envelope approximation of the form

ψ(x,t) = ψ1 (x,t)ei(k1 ·x−ω1t) + ψ2 (x,t)ei(k2 ·x−ω2t) ,

(2.38)

where the ψi (x,t) are slowly varying and ω0 = ω1 + ω2 and k0 = k1 + k2 . In contrast to Sec.
2.3.2 where ψ(k, ω) was a continuous function representing all of the Fourier coefficients, the
ψi (x,t) now represent only the dominant coefficients found in Sec. 2.3.2. ψ1 represents the velocity potential for the forward-propagating wave and ψ2 corresponds to backward-propagating
wave. Plugging Eq. 2.37, 2.38 into the equations used to derive the multi-beam homogeneous
growth rate (Eq. 2.20, 2.21) and neglecting derivatives higher than first order gives
!


2
ωpe
∂
e
1 ∂
i +
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(2.39)
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(2.40)

(2.41)

(2.42)

where vgi ≡ 3ki v2te /ωi and the EPW dispersion relation have been used. Note that four
equations have been generated by equating coefficients of the various sinusoidal terms on the
basis that integration over appropriate limits causes the other terms to be negligible (analogous
to the saddle point method).
It is possible to reduce Eq. 2.39 through 2.42 to two equations (with two unknowns) by
treating the coefficients containing derivatives of the ψi and φi as operators, applying them to the
other equations, and substituting back in (similar to Sec. 2.4.1), but it is already being assumed
that coupling terms (terms involving v0 ), derivatives of order higher than one, and products
of derivatives with coupling terms are being neglected, which means that any terms involving
derivatives will necessarily be first order. This fact can be used by noting that both of the
terms containing derivatives from the un-driven homogeneous case (Eq. 2.36 with L → ∞) must
appear in the equations for the ψi . Accordingly, letting either ∇ → 0 or

∂
∂t

→ 0 and eliminating

the φi will give all of the information needed to determine the term that was neglected (i.e., only
one of the differential terms needs to be included to determine the coefficients of the coupling
terms). Letting

∂
∂t

→ 0, Eq. 2.39, 2.40 can be directly solved for the φi in terms of the ψi and

substituted back into Eq. 2.41, 2.42 giving





∂
+ vg1 · ∇ ψ1 = −iγ0 ψ2 ,
∂t

(2.43)


∂
+ vg2 · ∇ ψ2 = −iγ0∗ ψ1 ,
∂t

(2.44)
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where
γ0 ≡ k1 · v0

(k1 − k0 )2 − k12
.
4k(k1 − k0 )

The approximations ω1 ≈ ω2 ≈ ωpe and kλde  1 have been used to simplify the coefficients
of the terms on the RHS of Eq. 2.43, 2.44 because these terms are already assumed to be small
relative to the LHS.

2.4.3

Two-plasmon-decay gain in an inhomogeneous plasma

Following Sec. 2.4.1, using the equations for φ and ψ assuming a static density profile
n0 (x) = N0 (1 + x/L)
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(2.45)

(2.46)

Similar to the discussion in the previous section, it is assumed that 1/L is small, so any products
of derivatives or coupling terms with 1/L can be neglected. Accordingly, the coupled wave
equations in an inhomogeneous plasma can immediately be written down by inspection of Eqs.
2.43, 2.43, 2.36.
"
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ψ1 = −iγ0 ψ2 ,

(2.47)

ψ2 = −iγ0∗ ψ1 ,

(2.48)

!#

ω22

where it has been assumed that propagation occurs only along the x-direction. These can be
simplified by letting ω ≈ ωpe in the (small) plasma inhomogeneity term and using the EPW
dispersion relation (Eq. 2.6) to define the spatial gradient of the plasma wavevectors as
∂ ki (x)
δi ≡
∂x

=−
x=0

2
ω pe

6ki (0)v2te
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ωpe
,
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which shows that L is the density scale length at x = 0. Equations 2.47, 2.48 reduce to
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(2.50)

To obtain the convective gain, let

∂
∂t

→ 0 and eliminate ψ2 giving



∂ 2 ψ1
δ1
∂ ψ1
δ2
−
(1 + ik1 x) + (1 − ik2 x)
2
∂x
k1
k2
∂x


2
γ
(1 + ik1 x)(1 − ik2 x)δ1 δ2
= − 0 + iδ1 −
ψ1
vg1 vg2
k1 k2
Substituting ψ1 (x) = u(x)e

h
i
δ2
1 R δ1
2
k1 (1+ik1 x)+ k2 (1−ik2 x)

to eliminate the term containing a first

derivative gives
∂ 2u
=
∂ x2

(



 )
|γ0 |2
i
1
δ2 δ1 2
−
+ (δ1 + δ2 ) − (δ1 + δ2 )x + i
−
u.
vg1 vg2 2
4
k2 k1

(2.51)

This equation has an exact solution in terms of parabolic cylinder functions, but a WKBJ approximation is sufficient for the present purpose. The second term in square brackets can by
eliminated by substituting
1
y = x+i
δ1 + δ2



δ2 δ1
−
k2 k1


.

Neglecting the remaining imaginary part of the coefficient on the RHS of Eq. 2.51 (because it
is just a constant phase shift), the turning points (−yt , yt ) occur where the coefficient vanishes.
The lowest order WKBJ approximation gives the single beam convective gain in a linear density
gradient [41]
R yt

u(x) ∝ e

−yt

r

|γ0 |2
− 14 (δ1 +δ2 )2 y2 dy
g1 vg2

−v

=e

π|γ0 |2
|vg1 vg2 (δ1 +δ2 )|

,

(2.52)

where the factor of π appears because the only non-vanishing term in the integration goes like
limx→0 atan(1/x) = π/2. The term vg1 vg2 has been pulled inside of the absolute value in the
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numerator under the assumption that vg1 vg2 < 0 (the coupled EPWs are counter-propagating),
which is necessary for positive gain. The important thing to note about Eq. 2.52 is that the gain
scales like the intensity times the scalelength divided by the electron temperature

ν∝

IL
,
Te

which can be seen by noting that I ∝ v20 (appendix B), δi ∝ 1/LTe , and vgi ∝ Te .
Although physically different, the threshold for absolute growth has the same proportionality as the convective gain. The absolute threshold is typically derived by converting the fluid
equations to Fourier space. In Fourier space the (linear) spatial density gradient becomes a
derivative with respect to the parallel wavevector, but the derivatives become constants, allowing the instability threshold to be derived in 2-D. In the limit of small transverse wavevector
(relative to the drive beam), the absolute instability threshold is given by [42]
µm

η=

I14 Ln
,
233TekeV

(2.53)

where I14 is the intensity in units of 1014 W/cm2 .

2.5

Thomson scattering

Thomson-scattering is elastic scattering of EM radiation by charged particles. EM radiation
incident on a charged particle causes it to oscillate and produce dipole radiation [43]. The elastic
approximation is valid when the photon energy is much less than the particle rest mass. When
this condition is satisfied, the scattered light has the same frequency as the incident light (in the
particle rest frame),
ωT − kT · v = ωs − ks · v,

(2.54)
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where v is the particle velocity. The frequency and wavevector shift in the lab frame are
∆ω ≡ ωT − ωs ,
(2.55)
∆k ≡ kT − ks .
Combining Eqs. 2.54 and 2.55 gives

∆ω = ∆k · v,

(2.56)

showing that the frequency shift (in the lab frame) is given by the component of the particle
velocity parallel to the scattering wavevector.
Thomson Scattering is broken up into two subcategories: collective and non-collective.
Non-collective scattering is scattering from uncorrelated charged particles undergoing random
thermal motions, and the observed frequency shifts correspond to the velocities of the individual
scattering particles as described by Eq. 2.56.
Collective scattering occurs when density perturbations result in constructive interference of
the scattered light [44]. When the density perturbations correspond to plasma waves, the regions
of increased density act as effective particles traveling at the phase velocity of the wave, and
accordingly the observed frequency shifts are determined by the phase velocity rather than the
individual particle velocities. The scattered frequency and wavevector in collective Thomson
scattering satisfy frequency and wavevector matching conditions of the form

ωs = ωT − ω,

(2.57)

ks = kT − k

(2.58)

where ω and k are the frequency and wavevector of a plasma wave.
The power scattered per unit solid angle per unit scattered frequency from a plasma with
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light incident at frequency ω0 is [45]


P0 Nr02 ˆ
2ω
ˆ
|ks × (ks × Eˆ0 )| 1 +
Ps (R, ωs , Ω) =
S(k, ω),
2πA
ω0

(2.59)

where P0 is the incident power, N is the number of scatterers in the scattering volume, r0 =
e2
m e c2

is classical electron radius, A is the cross-sectional area of the scattering region, Eˆ0 is the

direction of the electric field (polarization) of the incident light, and k̂s is the direction of the
scattered light. The terms

P0 Nr02 ˆ
ˆ
ˆ
2πA |ks × (ks × E0 )|

in Eq. 2.59 correspond to the dipole radiation of

a single electron, the 1 + 2ω/ω0 term is a relativistic correction [46], and S(k, ω) is called the
dynamic structure factor or spectral density function

S(k, ω) ≡

1
τ→∞,V →∞ τV



lim

|ne (k, ω)|2
n0


,

which describes the time averaged level of density perturbations (in Fourier space) present in
the plasma and is responsible for the shape of the Thomson scattering spectrum.
For a plasma in thermal equilibrium the dynamic structure factor is determined by the relative damping of the various plasma modes (primarily Landau/collisional damping). The dynamic structure factor is given by (neglecting collisions)

S(k, ω) =

2π
χe
1−
k
ε

2

feo

ω 
k

+

2πZ χe
k
ε

2

fio

ω 
k

(2.60)

where χe is the electron susceptibility, ε is the plasma dielectric function, and feo and fio are the
electron and ion velocity distribution functions, respectively. Note that Eq. 2.60 depends only
on |k| and not k because an equilibrium plasma has no preferred rotational reference frame.
This is not true in a TPD driven plasma, where S(k, ω) depends on both the magnitude and
direction of the observed wavevector.

CHAPTER 2. THEORY

2.5.1

30

Thomson scattering from TPD driven electron plasma waves

The wavelength of light scattered from TPD driven EPWs can be approximated using the
frequency and wave vector matching conditions for both TPD and Thomson scattering and the
linear dispersion relations. For scattering from the EPW corresponding to (k1 , ω1 ) these are

ω0 = ω1 + ω2 ,

k0 = k1 + k2 ,
ωT = ω1 + ωs ,
kT = k1 + ks ,
2
+ 3k2 v2te ,
ω 2 = ωpe
2
ω 2 = ωpe
+ k 2 c2 ,

where the last two equations are the EPW and EMW dispersion relations, respectively. There
is one dispersion relation for each of the five waves giving a total of 11 equations (in 2-D)
for the 11 unknowns ω1 , ω2 , ωs , ωpe , k1 , k2 , kT , ks , k0 , where ωpe is taken to be unknown
because the range of densities observed in a typical Thomson-scattering geometry is large compared to the range of densities where TPD driven EPWs exist. The known parameters are
Te , ω0 , ωT , k̂0 , k̂T , k̂s . While these equations can be solved for a scattered wavelength, real
solutions exist for all ωT − ω0 < ωs < ωT + ω0 (assuming ω1 , ω2 > 0), because no restrictions
have been placed on which EPWs can be driven to large amplitudes.
Some practical limitations can be put on the wavelengths that can be observed when Thomson scattering from TPD driven EPWs by restricting to waves that satisfy the TPD maximum
growth hyperbola (Eq. 2.13). Combining Eq. 2.13 with the matching conditions and dispersion relations for TPD gives seven equations for the eight unknowns ω1 , ω2 , ωpe , k1 , k2 , k0 .
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Expanding and solving for ne (k1 )




2

ne 1
9 vte
κvte 4
2
,
=
2κ − 2κ + 1 + O
1−
nc 4
2 c2
c

(2.61)

where κ ≡ k1 /k0 is a forward-propagating TPD EPW. Recalling that EPWs are heavily damped
unless kλde  1, Eq. 2.61 shows that TPD is isolated to densities near quarter critical (ne /nc =
0.25), because the term in square brackets is approximately equal to one unless k1 is large. For
typical ICF relevant plasmas, TPD is restricted to 0.2 < ne /nc < 0.25. The possible frequencies
of light scattered from TPD driven EPWs can be determined by using the EPW dispersion
relation (Eq. 2.6) to convert Eq. 2.61 into an equation for the frequency of TPD driven EPWs
[47],




2
ω0
κvte 4
9 vte
ω1 =
(2κ − 1) + O
1+
.
2
4 c2
c

(2.62)

Combined with the frequency matching conditions for Thomson scattering, Eq. 2.62 gives the
range of wavelengths that can be observed by scattering from forward-propagating TPD EPWs.
From Eq. 2.62 and the frequency matching condition for TPD, it is apparent that there are no
TPD driven EPWs over a range of frequencies centered about ω0 /2 with a half-width given by

∆ωmin =

9 v2te
ω0 ,
8 c2

where the fact that κmin = 1 for forward-propagating TPD EPWs on the maximum growth
hyperbola has been used.
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Chapter 3
Modeling
Numerical modeling of TPD in ICF relevant experiments is made difficult by the broad
range of spatial and temporal scales involved. The time scale for the TPD instability is the period of the drive beams (< 1 fs), while ICF relevant experiments last nanoseconds. The spatial
scale for TPD is the wavelength of the drive beams (0.351 µm), while experimental scales are
typically millimeters. Scale separation is the main approximation used to simulate integrated
experiments over this broad range of scales. It is assumed that the bulk hydrodynamic conditions change slowly enough to be taken as constant on TPD temporal/spatial scales, and that
modification to the bulk plasma conditions caused by the TPD instability can be neglected. One
of the goals in research on TPD theory is to relax these assumptions by developing predictive
models of the TPD instability that can be integrated into hydrodynamic calculations to give a
more complete description of an ICF implosion.
To simulate integrated experiments, two separate codes were used, DRACO [48] and LPSE
(Laser Plasma Simulation Environment) [49]. DRACO is a 2-D radiation hydrodynamics code
that was used to simulate the bulk hydrodynamic behavior on experimental temporal and spatial
scales. LPSE is a 3-D laser plasma interaction code that was used to calculate perturbations to
the electron and ion distributions using the hydrodynamic conditions predicted by DRACO as
inputs.
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Laser Plasma Simulation Environment (LPSE)

LPSE has two main components: a pseudospectral [50] wave solver that solves the extended Zakharov equations of TPD [28, 30] for the low-frequency IAWs and high-frequency
(enveloped) EPWs, and a hybrid particle evolution algorithm that evolves the electron velocity
distribution and calculates Landau damping.

3.1.1

Wave solver

The Zakharov equations [51] are a pair of coupled fluid equations for the lowest order
of perturbation to the electron and ion densities. They are derived from the fluid equations
for continuity and momentum by enveloping the local plasma frequency out of the electron
equations and keeping only the dominant nonlinear term in each, allowing for coupling between
EPWs and IAWs. The Zakharov equations can be used to model three-wave coupling (weak
turbulence) as well as strong turbulence effects like cavitation and collapse [52].
In addition to the physics modeled by the Zakharov equations, the extended Zakharov equations of TPD include terms for linear coupling of drive beams to EPWs (through TPD) and IAWs
(through the ponderomotive force). Terms are included to account for background plasma fluctuations and a static inhomogeneity in the background plasma density. The model equations
solved by LPSE are


2 2
2 δN
∇ · 2iω pe (∂t + νe ) + 3vte
∇ − ω pe
E
n0


δn
e
2
E +
∇ · [∇(E0 · E∗ ) − E0 ∇ · E∗ ] + SE ,
= ω pe ∇ ·
n0
4me
 2

∂t + 2νi ∇t − c2s ∇2 δ n =



Z
1
2
2
2
∇ |E| + |E0 | ,
16πmi
4

(3.1)

(3.2)

where E is the enveloped high frequency electric electric field perturbation and δ n is the low
frequency density perturbation. The two nonlinear terms in Eqs. 3.1, 3.2 (first term on the
RHS of each equation) are identical to the textbook Zakharov model [31]. The terms added to
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model the drive beams (E0 ) are a TPD source term in Eq. 3.1 and a ponderomotive term in Eq.
3.2. The term containing δ N is included to model a static inhomogeneity in the background
density, and the SE represent time-random-phase Čerenkov noise sources that generate a fixed
background perturbation level in the absence of drive beams.
The νe term in Eq. 3.1 corresponds to the EPW (amplitude) damping rate (collisional
plus Landau damping). The collisional (amplitude) damping rate is typically taken to be half
of the electron-ion collision frequency [33]. In the absence of the hybrid-particle evolution
model, the Landau damping rate is calculated using a Maxwellian electron velocity distribution
at the prescribed electron temperature (Te ) and is proportional to the number of particles with
projected velocity near the phase velocity of a given wave and the slope of the electron velocity
distribution near the phase velocity (Sec. 2.2.4). With the hybrid-particle evolution model
turned on, the calculated electron velocity distribution is used to calculate the Landau damping
rate.
Equations 3.1, 3.2 are both scalar equations, so only the longitudinal part of the electric field
is modeled. Additionally, the drive fields are assumed to be a static source (the incident EMWs
are not solved self-consistently). Two potentially important physical effects that cannot occur
within these approximations are Stimulated Raman Scattering (SRS) and pump depletion.

3.1.2

Hybrid particle evolution

The hybrid-particle evolution (HPE) algorithm evolves electron Landau damping by solving the exact trajectories of a large (∼ 106 ) number of test electrons in the electrostatic fields
calculated by the wave solver. As discussed in Sec. 2.2.4, the Landau damping rate is determined using the slope of velocity distribution. Because the exact trajectories of the electrons are
solved in the rapidly oscillating electric fields, the time step for the HPE solver has to be on the
femtosecond time scale, whereas the enveloping procedure used in the electron fluid equations
allow the wave solver to use time steps on the scale of ion-acoustic perturbations (∼ps).
A significant approximation made in the HPE algorithm is the assumption of a spatially ho-
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mogeneous electron velocity distribution. This approximation is valid only for small Knudsen
number (mean-free-path much smaller than the characteristic spatial scale), which is clearly violated for TPD driven hot-electrons because the collision frequency is proportional to the minus
third power of the particle velocity. This approximation is justified for reasonable drive beam
intensities because the velocity distribution does not significantly deviate from Maxwellian.

3.2

DRACO

DRACO [48] is a 2-D radiation-hydrodynamics code that was used to generate the plasma
conditions that served as input parameters to LPSE simulations. All of the experiments described are assumed to have azimuthal symmetry from a hydrodynamic point of view, and
therefore can be simulated in cylindrical (r, z) coordinates. DRACO solves the (unperturbed)
fluid equations for continuity, momentum, and energy assuming a single electrically neutral
plasma laser absorption via inverse bremsstrahlung. Because DRACO solves the fluid equations up through the energy equation, the equations are truncated by assuming a model for the
next higher moment (heat flux). All of the DRACO simulations used here assume a SpitzerHarm (∝ ∇T ) heat-flux model with the flux-limited to 6% of the free-streaming limit [53].
DRACO simulations were used to generate the plasma conditions needed as inputs to LPSE
(I, Ln , Te , Ti ), and to determine the experimental Thomson-scattering volume in conjunction
with a ray trace program.

3.2.1

Ray tracing

The wavevector observed by the Thomson-scattering diagnostic was determined by the
wave matching conditions (k = kT − ks ) in the plasma, but because of refraction, the wavevectors in the plasma do not correspond directly to the pointing of the Thomson-scattering probe
and collection optics. The local wavevectors were calculated using a fully 3-D ray tracing algorithm (SageRays [54]) in conjunction with DRACO density and temperature profiles.
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To calculate the power Thomson-scattered using ray tracing, the scattered power equation
needs to be put in a discrete form. From Eq. 2.59, the power scattered into a detector subtending
a solid angle ΩD is
P0 Nr02
Ps (R, ωs ) =
dΩ
2πA
ΩD
Z



2ω
|kˆs × (kˆs × Eˆ0 )|S(k, ω),
1+
ω0

(3.3)

where ΩD is the solid angle subtended by the detector. The only term in Eq. 3.3 that has a
significant dependence on Ω ≡ (θ , φ ) is S(k, ω), so Eq. 3.3 can be written
Z

Ps (R, ωs ) = α

dΩS[k(Ω), ω],
ΩD

where
P0 Nr02
α≡
2πA



2ω
1+
|kˆs × (k̂s × Eˆ0 )|.
ω0

The difference between the acceptance angle of the detector and the angle between the detector
and a scattered ray is

θ∆ ≡ arctan

1
2 f#


− arccos (k̂s · k̂D ),

where f# and k̂D are the f-number and direction of the detector, respectively. The integration
over solid angle can be extended to 4π by introducing the heaviside function [H(x)]
Z

Ps (R, ωs ) = α

dΩS[k(Ω), ω]H(θ∆ ).

(3.4)

The functional dependence of the observed wavevector on the location of the detector, k =
k(Ω), can be calculated independently of knowing S(k, ω). This dependence is calculated by
approximating the integral in Eq. 3.4 with a sum
Ns

Ps (R, ωs ) = α lim

Ns →∞

∑ S[k(Ωi ), ω]H(θsD,i )∆Ω,

(3.5)

i=1

where the Ωi represent all possible scattering directions and Ns is the number of scattered rays.

CHAPTER 3. MODELING

37

The normalization condition for Eq. 3.5 to converge to Eq. 3.4 for Ns → ∞ is
Ns

∑ ∆Ω = 4π,

i=1

which gives
∆Ω =

4π
.
Ns

The k(Ωi ) are generated by ray tracing DRACO profiles. In addition to determining the plasma
wavevectors probed with Thomson scattering, the ray trace calculates transmission coefficients
(Ti ) from the path-integrated inverse-bremsstrahlung absorption. The scattered power for a
single incident beamlet is

Ps (R, ωs ) =

Ns
4πα
lim ∑ Ti S[k(Ωi ), ω]H(θD,i ),
Ns Ns →∞ i=1

and the total scattered power is given by summing over all incident beamlets. In the present context, S(k, ω) is calculated using LPSE, so 3-D histogram of the beamlets using an appropriate
grid gives a predicted (spectrally resolved) scattered power.
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Chapter 4
Thomson-scattering experiments
The present chapter discusses the results of a series of experiments where UV Thomsonscattering was used to probe TPD EPWs driven by multiple laser beams. The first section
discusses the experimental target, drive beam, and diagnostic setup. The second section describes thermal Thomson-scattering measurements that were used to characterize the experimental plasma conditions. The third section discusses the experimental results for Thomsonscattering from TPD driven waves in two separate experimental configurations that show a
dominant common electron plasma wave and a broad anisotropic spectrum of other turbulence
driven TPD modes. Comparisons between LPSE simulated and measured spectra are made in
the fourth section.

4.1

Experimental setup

The experiments were conducted on the OMEGA Laser Facility [55] and used two to five
λ3ω = 351-nm drive laser beams. Distributed phase plates (DPPs) [56] were used on each beam
to define the 300-µm FWHM flat-top laser spots at best focus of the f /6.7 focusing lenses.
To improve the uniformity of the laser beam profile, the beams propagated through a birefringent polarization smoothing crystal [distributed polarization rotator (DPR)] that separated the
incident linearly polarized laser beam into two overlapped beams with orthogonal polarizations
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propagating at a slight angle (∼ 40 µrad) [57]. The planar targets were 3-mm × 3-mm squares
consisting of 30-µm-thick CH layers coated on 30-µm-thick Mo (Fig. 4.1). The CH-layer
thickness was chosen such that the burnthrough time was much longer than the laser pulse [58].

Figure 4.1: The common-wave experimental configuration with the drive beams in blue, the Thomsonscattering probe in purple and the Thomson-scattered light in green. The wavevector probed by the
Thomson scattering diagnostic in this configuration is nearly anti-parallel to the target normal.

The Thomson-scattering diagnostic consisted of a λ4ω = 263.25-nm f /6.7 probe beam
with a best-focus diameter of ∼ 50 µm [59]. The probe beam used the same pulse shape
and duration as the drive beams with ∼ 70 J of total energy (intensity ∼ 1015 W/cm2 ). The
Thomson-scattered light was collected by a reflective f /10 collection system coupled to two
spectrometer/streak cameras, used to simultaneously observe the EPW and IAW scattering features [60]. The spectral resolutions of the IAW and EPW systems are 0.05 nm and 0.5 nm,
respectively. Scattered light was collected from an ∼ 50 × 50 × 50-µm3 volume defined by the
diameter of the probe beam and the size of the pinhole on the spectrometer input. The angle
between the collection optic and probe beam was 120◦ .
Two Thomson-scattering geometries were used to probe EPW wavevectors near the region of maximum common-wave growth (common-wave configuration) and a region where
there was no linear common-wave coupling (non-common-wave configuration). The range
of wavevectors probed in the two configurations [Fig. 4.2(a)] were calculated by ray tracing
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DRACO density profiles (Sec. 3.2.1). In the absence of refraction, the scattering angle (angle between incident and scattered light) is 60◦ . Refraction reduced the scattering angle in the
plasma to θscw ≈ 32◦ and θsncw ≈ 55◦ in the common-wave and non-common-wave configurations, respectively.

Figure 4.2: (a) The normalized five-beam common-wave growth rate (colorscale) in the Thomsonscattering plane [defined by ŷ || (k̂4ω × k̂s ) with the target normal in the −ẑ direction] showing that
the five-beam common-wave matching conditions are satisfied only along the z-axis. The dashed curves
show the linear TPD theory maximum growth for each drive beam. The range of wave vectors probed in
the two Thomson diagnostic configurations, common-wave geometry (white box) and non-commonwave geometry (red box). (b) Wave matching conditions for Thomson scattering (kc = k4ω − ks )
from common TPD EPWs, and (c) daughter EPWs from Langmuir decay of backscattered TPD EPWs
(k02 = k2 − kiaw = k4ω − ks ).

4.2

Thermal Thomson scattering

In addition to looking at different wavevectors by rotating the experimental geometry, the
Thomson scattering diagnostic was used to look at different densities by making observations at
different distances relative to the target surface. Figure 4.3 shows two different density regions
that were probed. The density region that is further from the target surface corresponds to
densities below ne /nc ≈ 0.2, where TPD driven EPWs are heavily damped (Sec. 2.2.4), so only
thermal plasma waves were observed. The density region nearer to the target corresponds to
the range of densities observed in the TPD driven experiments (independent of the wavevector
probed).
Figure 4.4(a) shows a broad (9.1±1.1-nm FWHM) EPW Thomson-scattering spectrum us-
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Figure 4.3: DRACO simulated electron density profile with the quarter and fifth critical surfaces represented by solid black lines. The range of densities probed in the thermal and TPD driven experiments are
represented by dashed black lines with the thermal scattering corresponding to the lower density region.

ing five drive beams and a 2-ns-square pulse. The scattering feature has a single spectral peak
with a shape consistent with the size and intensity distribution of the probe beam, indicating
that thermal EPWs of roughly equal amplitudes are present throughout the (physical) scattering
volume. The observed peak corresponds to Thomson scattering from EPWs from a range of
densities ne /nc ≈ 0.18 to 0.21.
To clarify a common point of confusion, in Thomson-scattering spectra like those shown in
Fig. 4.4(a), longer wavelength scattering peaks correspond to higher frequency EPWs. The reason for this apparent contradiction is that the spectra correspond to redshifted Thomson scattering (relative to the probe frequency), meaning that there is a minus sign in the frequency matching condition (ωs = ωT − ω). A good rule of thumb that works for redshifted or blueshifted
Thomson scattering is that the further the observed wavelength is from the wavelength of the
probe, the higher the frequency of the observed wave.
Figure 4.4(b) shows an IAW spectrum taken 100 µm from the target surface (near nc /4).
There are two-spectral peaks (at 263.1- and 262.5-nm) corresponding to co- and counterpropagating ion-acoustic waves relative to the probed wavevector. In the absence of plasma
flow, the two peaks would be centered at the probe wavelength (263.25-nm) with a separation
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Figure 4.4: Thomson-scattering spectra for scattering from thermal EPWs (a) at 150 µm from the target
surface [dashed lines show wavelengths corresponding to the quarter (nc /4) and fifth (nc /5) critical
surfaces] and IAWs (b) at 100 µm from the target surface.

of ∆ω = 2kcs (where k is the probed wavevector). Plasma flow results in an additional overall
Doppler shift of ∆ω = k · V f . Because both of these shifts are linear in k, the inferred values of
V f and cs are sensitive to refraction. Using a scattering angle of 50◦ (from ray-tracing DRACO
simulations) and fitting to the collisionless dynamic structure factor [45] gives an electron temperature Te = 2.4 keV at 1 ns and plasma flow velocity along the target normal V f = 7 × 107
cm/s. If refraction is neglected, the inferred values are Te = 2.0 keV and V f = 6 × 107 cm/s. The
predicted values from DRACO simulations are Te = 1.9 keV and V f = 5 × 107 cm/s. A likely
cause of the discrepancy between the measured and simulated plasma conditions is that neither
the simulations nor the dynamic structure factor account for the possibility of driven waves.

4.3

TPD driven Thomson scattering

Figure 4.5(a) shows a Thomson-scattering spectrum from near-quarter-critical densities in
the common-wave configuration [red box in Fig. 4.2(a)]. The narrow (1.6 ± 0.1 nm FWHM)
high-intensity feature at λs = 423.1 ± 0.2 nm corresponds to the five-beam forward-propagating
common EPW. The peak is an order of magnitude more intense and ∼ 10 times narrower than
the thermal peak, showing the driven nature of the waves. The wavelength range corresponds

CHAPTER 4. THOMSON-SCATTERING EXPERIMENTS

43

to Thomson scattering from densities between ne /nc ≈ 0.246 and 0.247. This is much narrower
than the range of densities in the scattering volume (ne /nc ≈ 0.21 to 0.25), indicating that the
peak corresponds to locally driven EPWs.

Figure 4.5: Thomson-scattering spectra for scattering from TPD driven EPWs (100 µm from target
surface). (a) Common-wave configuration, (b) five-beam non-common wave configuration, and (c) twobeam non-common wave configuration

The shorter-wavelength peak (λs = 413.7 ± 0.2 nm) shown in Fig. 4.5(a) corresponds to
Thomson scattering from EPWs generated by Langmuir decay of backward-propagating TPD
EPWs. Figure 4.2(c) shows the wave-matching condition for a backward-propagating EPW
(k2 ) to Langmuir decay into a EPW (k02 ) that can be observed by Thomson scattering.
The separation between the two scattering peaks in Fig. 4.5(a) is consistent with the discussion in Sec. 2.5.1. Using Eq. 2.62, it is straightforward to show that no TPD driven EPWs are
expected to appear between λs ≈ 422.5 and 418.5 nm, consistent with the observation. Note that
the approximation given by Eq. 2.62 neglects the affect of plasma flow, which Doppler shifts
the scattered frequency by the probed wavevector projected onto the flow velocity (k · V f ≈ 0.7
nm).
Figure 4.5(b) shows a Thomson-scattering spectrum measured in the non-common-wave
geometry [red box in Fig. 4.2(a)], which was chosen such that the Thomson-scattering diagnostic probes wave vectors that do not satisfy the common-wave matching conditions but is
measuring light scattered from a range of densities (ne /nc ≈ 0.21 to 0.25), where TPD is active.
Similar to the common-wave configuration, two TPD driven peaks are observed. The observation of TPD driven EPWs in this region of wavevector space indicates that the EPW wavevector
space is being nonlinearly saturated by secondary processes like LDI.
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The classification of the two scattering peaks in the non-common wave geometry is not as
clear as it was in the common-wave case. The longer wavelength peak corresponds to the higher
frequency TPD EPWs that are initially forward-propagating relative to the drive beams, and the
shorter wavelength peak corresponds to the lower frequency EPWs that are initially backwardpropagating, but the exact mechanism that results in both of these waves being observed in
the non-common-wave configuration is not readily apparent. It is possible that the observed
spectrum is a result of complex turbulent interactions that cannot be described by any simple
wave-interaction model.
Figure 4.5(c) shows a Thomson-scattering spectrum measured in the non-common-wave
geometry where only two-drive beams were used. The corresponding common-wave growth
rate in the Thomson-scattering plane is shown in Fig. 4.6. The dominant linear growth rate
in the Thomson-scattering region corresponds to backward-propagating TPD EPWs, consistent
with the dominant backward-propagating scattering peak in the observed spectrum. The TPD
driven spectra shown in Fig. 4.5 indicate that although nonlinear saturation of wavevector
space is occurring, features corresponding to the regions of maximum linear growth rate persist
into the quasi-steady saturated state. Two-beam shots were performed in the common-wave
configuration, but the spectra are indistinguishable from Fig. 4.5(a), consistent with the fact
the in the common-wave configuration, the Thomson scattering diagnostic probes the forwardpropagating common wave shared by all of the drive beams.
The dip in scattering amplitude at 0.9 ns in Fig. 4.5 is caused by a shock, reflected from the
molybdenum layer, traveling through the Thomson-scattering volume. At the rise of the laser
pulse, a shock is generated in the CH that, because Mo has a higher acoustic impedance than
CH, generates a reflected shock at the interface. When the shock propagates back through the
plasma, it causes a jump in the local density. Whatever driven EPWs are present at the time of
the shock crossing through nc /4 will either be eliminated by the shock itself or rapidly damped
out because they will no longer satisfy the EPW dispersion relation. Note that the driven waves
recover on hydrodynamic time scales (TPD time scales cannot be resolved by the detector),
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Figure 4.6: Linear growth rate in Thomson-scattering plane for two-beams in the non-common-wave
configuration. The red box corresponds to the range of wavevectors observed by the Thomson-scattering
diagnostic. Note that the figure looks identical to what it would look like for just one of the two beams
because the beams are symmetric about the Thomson-scattering plane, and therefore share a commonwave everywhere in the plane.

presumably because driven EPWs cannot survive in a temporally varying density profile. In
contrast, almost no dip is observed in the thermal scattering feature [Fig. 4.4(a)], but the density
jump is readily apparent (in the form of a spectral redshift), verifying that the thermal scattering
feature corresponds to the range of densities in the Thomson-scattering, while the TPD driven
spectra correspond to the range of observed wavevectors.

4.4

Thomson-scattering spectra in LPSE

Thomson-scattering spectra were generated in LPSE using a time series of simulated wave
amplitudes to generate a numerical dynamic structure factor [S(k, ω)]. The time series used to
generate the Thomson-scattering spectra were taken after the simulation had reached a steady
state (∼ 10 ps). To reduce the noise in the simulated spectra, a moving average is taken using
∼ 1000 temporal windows (2 ps per window) over the course of a ∼ 100 ps run. The large
number of windows is used to achieve convergence of the spectral shape. For small numbers of
windows the spectral shape changes depending on the number of windows used, but for large
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numbers of windows it is stable (i.e., 10,000 windows looks the same as 1000 but 10 doesn’t
look the same as 100).

4.4.1

Simulations parameters

The LPSE input parameters are either taken directly from DRACO simulations (e.g. temperature) or calculated using the output of DRACO simulations (e.g. collisional damping). The
simulated hydrodynamic parameters were Te = 1.9 keV, Inc /4 = 6 × 1014 W/cm2 , Ln = 190 µm
(density scale length), Ti = 1 keV, V f = 5.15 × 107 cm/s, and Sn = 10−4 . The background electron density ranged from ne /nc = 0.19 to 0.27 with an exponential density profile (Appendix A).
The collisional EPW (amplitude) damping rate was νei /2 = 1.27 ps−1 [33], and the effective ion
damping rate was 0.14 ps−1 (these damping rates were calculated using the LPI code Newlip
[61]). A single ion fluid with an average ionization state of Zeff =3.5, and an average ion mass
of Aeff = 5.6. The same hydrodynamic parameters were used in all experimental configurations
because the on-target overlapping drive beam intensity and focal spot size was held constant.
The grid size was 66 × 13 × 13 µm (the density gradient was along the longest dimension)
with a resolution of 1300 × 256 × 256 (Fig. 4.7). The longitudinal dimension was chosen to
reproduce the experimental scale length while the transverse dimension was chosen to resolve
the typical problem scale size (0.351 µm). The resolution was chosen to include wave vectors
up to k/k0 ≈ 4 (the resolution in wavevector space scales with the physical grid dimensions,
while the maximum wavevector is inversely proportional to the minimum cell size). This limit
was chosen because EPWs with k/k0 > 2 are heavily Landau damped, and EPWs can couple
(through Langmuir decay) to IAWs with wavevectors up almost to twice their magnitude (for
direct backscatter).
The simulation time step was 0.005 ps. The step size was chosen for convergence of the
Thomson-scattering spectrum. The simulations are stable for longer step sizes (> 0.01 ps),
but the peaks in the simulated Thomson-scattering spectra become increasingly narrow for step
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sizes greater than 0.005 ps. Step sizes of 0.0025 ps were tested, but the difference was small
compared to the difference between 0.005 and 0.01 ps steps.
The drive beams were simulated using a large (∼ 100) number of incident plane waves
with random phase and perpendicular (pairwise) polarization. The experimental drive beams
used DPPs (beam smoothing), which are refractive optics with a prescribed spatial frequency
spectrum of random surface perturbations. This allows the beams to have prescribed focal spot
shapes. The beams propagated (with their polarization at 45◦ relative to the principal axes)
through a birefringent wedge (DPR) that introduces a ∼ 40 µRad angular separation and a
continuously varying phase offset between orthogonal polarizations. The beam polarizations
and phase offset between the two polarization directions were chosen to match the OMEGA
laser. Figure 4.7 shows the polarization of the LPSE beamlets relative to the simulation box for
the five-beam common wave configuration.

Figure 4.7: LPSE five-beam simulation geometry showing beam wavevectors and polarization directions.
Each incident wavevector is divided into two orthogonal polarizations.

4.4.2

Comparison with experimental spectra

Figure 4.8 shows lineouts of the measured [Fig. 4.5] and simulated Thomson-scattering
spectra from the TPD driven Thomson scattering experiments. For all three experimental configurations the simulated spectra reproduce the spectral shape observed experimentally, and
more importantly, reproduce the differences observed between the three cases. The primary
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features that are used to assess the quality of the comparison are the peak wavelengths, the
widths of the two peaks, and the amplitude ratio between the peaks. These three features correspond to the frequency of the driven EPWs, the range of driven wavevectors present that can
be observed by the Thomson-scattering diagnostic, and the relative importance of primary as
opposed to turbulence driven EPWs.

Figure 4.8: Thomson-scattering spectra measured at ∼ 1 ns (red) and simulated (blue) in the (a) commonwave, (b) non-common-wave, and (c) two-beam non-common-wave Thomson-scattering configurations
(Te = 1.9 keV). The amplitude of the measured spectra are normalized to the LPSE spectra.

The common-wave Thomson-scattering spectrum in Fig. 4.8(a) is distinguished by the large
amplitude forward-propagating common-wave peak. The width of the common-wave peak is
much less sensitive to variations in input parameters than the other peaks in Fig. 4.8, presumably
because it is more strongly driven. The smaller amplitude peak corresponds to the LDI of
backward-propagating TPD EPWs. The amplitude ratio between the forward- and backwardpropagating peaks is almost exactly reproduced by LPSE, but LPSE tends to under predict the
width of the peak corresponding to backward-propagating TPD EPWs (in all configurations).
The primary factor that influences the peak width is the damping (more damping gives wider
peaks, consistent with a simple driven-harmonic oscillator model). A potential source of this
discrepancy is that a Maxwellian electron-velocity distribution was assumed in the simulations
shown in Fig. 4.8, which almost invariably under predicts the electron Landau damping of TPD
driven waves.
The spectral lineouts in the five-beam non-common-wave configuration [Fig. 4.8(b)] also
show good agreement in the peak widths and relative amplitudes. The five-beam non-common-
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wave spectrum [Fig. 4.8(b)] corresponds to the range of wavevectors with smallest linear growth
rate of the three spectra shown in Fig. 4.8. An effect that is present in all of the configurations,
but most pronounced in the five-beam non-common-wave configuration is that the relative peak
amplitudes and widths are sensitive to changes in collisional damping rate of ∼ 20%. As the
collisional damping rate is increased, the backward-propagating peak narrows and becomes
smaller relative to the forward-propagating peak. The common-wave scattering peak is much
less sensitive to the collisional damping rate than the other peaks, consistent with the interpretation that the common-wave peak is a primary TPD driven peak and the other peaks are
associated with the turbulent EPW spectrum.
In the two-beam non-common-wave configuration [Fig. 4.8(c)], the maximum linear
growth rate in the region observed by the Thomson-scattering diagnostic corresponds to
backward-propagating TPD EPWs, consistent with the presence of a dominant backwardpropagating scattering peak. The important thing to note about this spectrum is that Fig. 4.8(b)
and (c) correspond to exactly the same range of probed wavevectors (relative to the target normal), so the difference between the two spectra is a result only of the different drive beam
configurations. This contrasts the case of scattering from thermal waves, where the two configurations should produce identical spectra. Two-beam shots in the common-wave scattering geometry produce qualitatively identical spectra to the five-beam configuration because the
forward-propagating wavevector shared by all of the drive beams is observed in both cases.
The wavelengths of the scattering peaks corresponds to the frequency of the driven EPWs,
which is primarily determined by the electron temperature and the length of the wavevector
observed by the Thomson-scattering diagnostic (Eq. 2.6). Both of these parameters are set using
the results of DRACO simulations. While the peak wavelengths in Fig. 4.8(a) are accurately
reproduced, the spacing between the peaks is under predicted in Fig. 4.8(b)-(c).
Figure 4.9 shows the measured (red) and predicted lineouts with the simulated electron
temperature increased to Te = 2.3 keV (black) and the original 1.9 keV spectrum (blue). The
improvement in the agreement between the predicted and measured peak wavelengths in the
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non-common-wave configurations is readily apparent [Figs. 4.9(b)-(c)] , but the common-wave
configuration has fallen out of agreement by roughly the same amount. Additionally, the relative peak amplitudes are not as well predicted because the increase in temperature results in a
corresponding decrease in the electron-ion collision frequency (νei /2 = 1.0 ps−1 ), which tends
to increase the relative amplitude of the backward-propagating peak.
Another possible source of the wavelength discrepancy is that the amount of refraction is
not being accurately calculated. This explanation benefits from the fact that it could affect the
common-wave spectrum differently from the non-common-wave spectra. The EPW dispersion
relation is quadratic in the length of the observed wavevector (Eq. 2.6), but over the range of
wavevectors being considered ∂ k/∂ θ ≈ 0.3 (where k is normalized to the drive beam wavevector in vacuum and θ is in degrees), it would take a fairly large change in scattering angle (∼ 10◦ )
to bring the predictions into agreement with the measurement. There is only 5◦ of calculated
refraction in the non-common-wave geometry, meaning that the bulk of this difference would
have to be in the form of increased refraction in the common-wave geometry.

Figure 4.9: Thomson-scattering spectra measured at ∼ 1 ns (red), 2.1 keV simulated spectrum (blue), and
2.3 keV simulated spectrum (black) in the (a) common-wave, (b) non-common-wave, and (c) two-beam
non-common-wave Thomson-scattering configurations.

4.4.3

Two-dimensional LPSE simulations

Because of the high computational cost of 3-D simulations, 2-D simulations were performed
to test the importance of 3-D physics in the predicted spectra. Figure 4.10 shows the same lineout comparisons as Fig. 4.8 but for 2-D LPSE simulations (Te = 1.9 keV). All of the simulation
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parameters were identical between the 2- and 3-D simulations (the EPW noise source was reduced by a factor of 256 to keep the same rms noise level as in the 3-D simulations). The 2-D
simulations were run in the Thomson-scattering plane. The most prominent difference between
the 2-D and 3-D runs appears in the common-wave configuration in the form a larger amplitude backward-propagating TPD EPW peak and a broader forward-propagating peak, but the
2-D simulations otherwise produce similar spectra to the 3-D simulations. The 2-D simulated
spectra are qualitatively not as smooth as the 3-D simulations because the region of wavevector
space sampled by the Thomson-scattering diagnostic includes fewer wavevectors.

Figure 4.10: 2-D LPSE simulated Thomson-scattering spectra (blue) compared to the corresponding
experimental spectra (red) in the (a) common-wave, (b) non-common-wave, and (c) two-beam noncommon-wave Thomson-scattering configurations (Te = 1.9 keV).

4.4.4

Temporal evolution of LPSE spectra

In LPSE simulations, the shorter-wavelength Thomson-scattering peak can be correlated
to the Langmuir decay of backscattered TPD EPWs by comparing the temporal evolution of
the Thomson-scattering spectrum and the low-frequency density perturbations (IAW’s). Figure
4.11(a) shows the simulated EPW spectrum at 1 ps, when the TPD instability is in the linear
growth stage, and large-amplitude EPWs corresponding to the maximum five-beam commonwave growth rate are the dominant spectral feature. At this time, the corresponding IAW spectrum (not shown) has no driven waves, and only the peak corresponding to forward-scattered
TPD EPWs is observed in the simulated Thomson-scattering spectrum [Fig. 4.12(a)]. When the
ponderomotive force associated with the electric field of counter-propagating EPWs is sufficient
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to overcome the IAW damping, a series of Langmuir decays generate large-amplitude IAW’s,
leading to the broad spectrum of TPD driven EPWs shown in Fig. 4.11(b). At this time (3 ps),
the simulated EPW Thomson-scattering spectrum [Fig. 4.12(b)] shows two spectral peaks at
wavelengths corresponding to forward- and backward-propagating TPD EPWs.

Figure 4.11: Simulated EPW amplitudes in wavevector space for the five-beam configuration at 1 ps
(left) and 3 ps (right). The range of wavevectors probed with Thomson scattering are shown with white
(common-wave configuration) and black (non-common-wave configuration) boxes.

In simulations where the intensity was just above the threshold for the onset of the TPD
instability (Inc /4 = 2 × 1014 W/cm2 ), the EPW amplitudes did not reach sufficient amplitudes to
drive large-amplitude IAW’s, and the EPW spectrum looks similar to Fig. 4.11(a) at all times.
The spectral peak corresponding to backscattered TPD EPWs never appears in the low-intensity
simulated Thomson-scattering spectra, consistent with these EPWs being generated by LDI.
Figures 4.11 and 4.12 show that there are no observable large amplitude TPD EPWs in the
non-common-wave configuration at early times. This supports the conclusion that the observation of TPD driven EPWs in the five-beam non-common-wave configuration is a result of
wavevector space saturation. None of these temporally dependent effects are observable experimentally because the ∆t between the two panels in Fig. 4.11 is 2 ps, while the temporal
resolution of the Thomson-scattering diagnostic is ∼ 50 ps.
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Figure 4.12: Simulated EPW spectra in the five-beam common-wave configuration at 1 ps (a) and 3 ps
(b).
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Chapter 5
Two-plasmon–decay symmetry experiment
This chapter discusses the results of a TPD symmetry experiment designed to measure
the saturation behavior of the common-wave TPD instability in the large-growth-rate limit.
The idea was to use the simplest possible geometry that drives a common-wave and has an
additional beam available that does not contribute to the common-wave growth rate of the other
beams. The additional beam can then be turned on and off and (from the standpoint of linear
theory) should not contribute to the common-wave growth rate. Three beams can always share
a common wave (although it may fall outside of the Landau cutoff), so the minimum number
of beams that can be used where all of the beams do not share a common wave is four. Figure
5.1(a) shows the experimental configuration where a three-beam common-wave is driven along
the target axis, but the fourth (central) beam is not predicted to contribute to the three-beam
common wave growth. Figure 5.1(b) shows the same geometry with the central beam turned
off where all three beams can drive a common wave along the target normal.
The drive beam energies were scaled such that the three- and four-beam shots would have
the same overlapped intensity, which means they have the same hydrodynamic conditions.
However, the maximum linear growth rate is always determined by the overlapped intensity
of the three beams that share a common wave, so the four-beam shots have 3/4 the maximum
linear growth rate of comparable three-beam shots. The overlapped intensity was varied from
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3-beam = 1.1) up to the strongly driven
the minimum energy where a signal could be obtained (ηmax
3-beam = 3.7).
regime (ηmax

Figure 5.1: Four-beam (a) and three-beam (B) experimental configurations for TPD symmetry experiment. The dashed line indicates the beams that can share a common-wave driven along the target normal.

The primary diagnostic for this experiment was the HXIP detector, which is a timeintegrated nine-channel hard-x-ray detector used to measure the TPD driven hot-electron distribution. This chapter is broken up into three sections. The first section describes the HXIP data
analysis, the second section discusses the experimental results, and the third section compares
LPSE predictions to the measurements.

5.1

HXIP analysis

The HXIP (Hard X-ray Image Plate spectrometer) diagnostic is a nine-channel timeintegrated image-plate-based hard-x-ray detector [62]. The nine channels correspond to differing amounts of filtering in front of the image plate (typically Al or Cu filters). An image
plate is an x-ray sensitive material consisting of Eu2+ doped BaF crystals suspended in plastic. X-rays incident on an image plate ionize electrons from the Eu2+ dopant and the resulting
photoelectrons can become trapped in BaF lattice defects resulting in a metastable excited state
below the conduction band of the crystal lattice [63–65]. The image plate is read using a laser
with sufficient energy to bring the electrons into the conduction band, but not enough energy

CHAPTER 5. TWO-PLASMON–DECAY SYMMETRY EXPERIMENT

56

to ionize Eu2+ . Photoelectrons brought into the conduction band by the laser recombine with
Eu3+ ions, returning to the ground state and emitting light with a higher frequency than the read
laser. This process is called photo-stimulated luminescence (PSL).
Figure 5.2(a) shows several measured (Maddox, Meadowcroft) or predicted (Bonnet,
Yaakobi) image plate sensitivities (all values above 100 keV are either predicted or extrapolated because no measurements are available in this energy regime). The present analysis uses
the sensitivity curve labeled “Yaakobi”.
The nine channels correspond to different amounts of filtering placed in front of the image
plate. The filters used in the experiments were (1, 2, 3, 10, 20, 20, 20, 20) mm of aluminum
and (0, 0, 0, 0, 0, 1, 3, 6, 8) mm of copper (for channels 1-9). Additionally, there was a 1 mm
thick tungsten filter that acts as an aperture stop for the nine channels. Figure 5.2(b) shows the
transmission of the nine channels multiplied by the image-plate sensitivity.
Figure 5.2(c) shows a scan of an image plate from a shot with Inc /4 = 8.5 × 1014 W/cm 2 .
The image was converted to PSL by dividing the image CCD counts by the scanner photomultiplier-tube (PMT) gain. The total signal in a given channel was determined by integrating
over a 220 × 240 pixel region near the center of each channel, and the background is determined
by taking the average of the signal level in the region surrounding each channel. The statistical
error in the measurement is determined using the number of PSL observed in a given channel
(PSL is by far the lowest counting statistic involved in the measurement because the sensitivity
is much less than one PSL per photon and the PMT gain is much greater than one CCD count
per PSL).
A hot-electron energy distribution is inferred for the HXIP channel signals by iteratively
assuming a distribution function, converting it to expected channel signals, and then comparing
to the measured signal.

CHAPTER 5. TWO-PLASMON–DECAY SYMMETRY EXPERIMENT

57

Figure 5.2: (a) Various models for HXIP image plate sensitivity. (b) HXIP channel sensitivities. (c)
HXIP image-plate scan with the nine channels labeled. The axes are in radians subtended by the image
plate (the total solid angle of the image plate corresponds to ∼ 30 mrad)

5.1.1

Converting a hot-electron distribution to detector signal

Converting from a given distribution of hot-electrons to an observed signal on the HXIP
detector requires that the hot-electron distribution first be converted to a hard-x-ray distribution
and then the hard-x-ray distribution can be converted to expected channel signals on the detector. The Bethe-Heitler result for the differential radiative cross section for (non-relativistic)
scattering of a single electron with energy E from particles with charge Z is (in CGS units)
[43, 66]
dχ
16 Z 2 e2
=
dω
3 c



e2
me c2

2

" √
#
√
1
( E + E − h̄ω)2
ln
,
β2
h̄ω

which has units of energy times area per unit frequency. Letting β 2 = v2 /c2 = 2E/me c2 and
dividing by h̄ gives

" √
#
p
( E + E − Eγ )2
8 Z 2 e6 1
dχ
=
ln
,
dEγ
3 h̄me c3 E
Eγ

where Eγ ≡ h̄ω. Because of the Z 2 dependence, it is assumed that the majority of the scattered
energy is due to interactions with ions, so the differential energy radiated per unit distance per
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unit photon energy by a single electron is given by multiplying by the ion density (ni )
" √
#
p
( E + E − Eγ )2
d 2 Erad 8 Z 2 e6 ni 1
=
ln
.
dEγ dx 3 h̄me c3 E
Eγ
The differential energy radiated by a single electron with energy E is given by integrating over
the electron path length
dErad
=
dEγ

Z

#
" p
p
( E(x) + E(x) − Eγ )2
8 Z 2 e6 ni 1
dx
,
ln
3 h̄me c3 E(x)
Eγ

(5.1)

where the spatial dependence of the electron energy is predominantly determined by electronelectron collisions (Sec. 5.1.2).
Generalizing to a distribution of electrons, a 3-D Maxwellian distribution defined such that
R

ne = dE f (E) is
2ne √
f (E) = √ 3/2 Ee−E/T .
πT

(5.2)

If such a distribution exists over some volume for some amount of time, the distribution of
particles incident on a target will be given by the flux (first velocity moment) of the distribution,
and the total photon energy radiated will be given by integrating this flux over some surface
area and time
dEtot
=
dEγ

Z

Z

dt

r

Z

dA

dE

dErad (E)
2E
f (E)
.
me
dEγ

(5.3)

The total photon energy is converted to detector signal by multiplying by the detector sensitivity
and integrating over photon energy and the solid angle subtended by the detector. The detector
sensitivity (Si ) is given in terms of PSL per photon, so the differential radiated photon energy
has be divided by Eγ (to convert from photon energy to photon number) before integrating over
photon energy. The number of detected photoluminescence counts on channel i is
Z

PSLi =

dΩ
4π

Z

dEγ Si (Eγ )

1 dEtot
,
Eγ dEγ

(5.4)

CHAPTER 5. TWO-PLASMON–DECAY SYMMETRY EXPERIMENT

59

where the first integration on the RHS is over the solid angle of the detector. Because the
density of hot-electrons is generally an unknown temporally and spatially varying quantity, the
integrations over time and area in Eq. 5.3 cannot be carried out explicitly. However, the total
hot-electron energy incident onto the target is given by integrating the energy flux (3rd moment
of the distribution function) over the same time and surface
Z

Ehot =

Z

dt

r

Z

dA

dEE

2E
f (E).
me

(5.5)

Therefore, all of the constant coefficients and the integrations over area and time can be absorbed into a fitting coefficient (Ahot ) such that plugging Eqs. 5.2 and 5.3 into Eq. 5.4 gives
Z

PSLi = Ahot

dΩ
4π

Z

dEγ Si (Eγ )

1
Eγ

Z

dEEe−E/T

dErad (E)
,
dEγ

where it is clear by dimensionality that Ahot has units of inverse energy squared. The same
replacement in Eq. 5.5 gives the total hot-electron energy incident on the target
Z

Ehot = Ahot

dEE 2 e−E/T .

It still remains to calculate the electron energy as a function of path length [E(x)] that appears
in Eq. 5.1.

5.1.2

Electron propagation in a multilayer target

In a single species infinite target, the path dependent electron energy E(x) can be calculated
using the NIST [67] tables for electron stopping power. When the target is finite and has layers,
scattering must be accounted for to determine the actual path of the electron. The best way to
account for scattering is through the use of Monte Carlo simulations, but in the present case the
bulk of the electron energy is deposited in the molybdenum, and a reasonable approximation can
be obtained by multiplying the stopping power (in material i) by aρi , where ρi is the material
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mass density (in g/cm3 ) and a = 1.06 cm3 /g is fitting parameter that was chosen to match
Monte-Carlo results.
The NIST tables can also be used to get more accurate values for the bremsstrahlung radiation yields than is given by Eq. 5.1. This is achieved by renormalizing the differential radiated
photon energy to match the radiation yields given in the NIST tables. Because the target has
multiple layers, the renormalization is weighted according to the fractional radiative yield of
each material. This procedure isn’t strictly valid because the NIST radiation yield values are
for the full stopping of an electron in a single material, but it converges to the correct result in
the limit of all of the radiated energy coming from a single material. Photon attenuation was
calculated using the NIST tables for photon attenuation. A colormap of the matrix

dErad
dEγ (E, Eγ )

that was used in the present analysis (using NIST tables) is shown in Fig. 5.3(a).

rad
Figure 5.3: (a) dE
dEγ (E, Eγ ) matrix generated using NIST radiation yields. (b) Comparison of MonteCarlo (solid), NIST (dashed), and analytic (dash-dot) radiation models for 10 (blue), 20 (green), 30 (red)
and 40 (cyan) keV Maxwellian electron energy distributions (ne = 1 cm−3 ).

Figure 5.3(b) shows the predicted radiated x-ray spectrum for four different incident
Maxwellian electron distributions (ne = 1 cm−3 ) using Monte-Carlo simulations (solid lines)
[68], Eq. 5.1 (dot-dash line), and the NIST tables (dashed line). The NIST curve is typically
within 10% of the Monte-Carlo result, which is negligible relative to other sources of absolute
error present in the hot-electron measurement. Equation 5.1 under predicts the radiation yield
by ∼ 40%, primarily because it gives much lower radiation yields than the NIST tables for high
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energy (> 100 keV) electrons. The lines plotted in Fig. 5.3(b) correspond to
2
dEBr
= √ 3/2
dEγ
πT

Z

√
dErad (E)
dE Ee−E/T
,
dEγ

which is a direct integration over a Maxwellian distribution (as opposed to the flux from a
Maxwellian distribution).

5.1.3

Thermal plasma emission

In addition to hot-electron radiation, the hot plasma produces thermal emission that can effect the hot-electron measurement. The thermal bremsstrahlung radiation produced by a plasma
is given by [45, 69]
d 4 EBr
3.33 × 10−15 2 ne ni −Eγ /Te
=
gZ √ e
,
dEγ dV dΩdt
4π
Te

(5.6)

where dV is the differential plasma volume. Integrating Eq. 5.6 over the entire DRACO simulation (spatially and temporally) and plugging the result into Eq. 5.4 gives the predicted
PSLthermal,i . Because only the higher energy channels are used in the hot-electron measurement, the inclusion of thermal radiation typically has a small (< 10%) effect on the inferred
hot-electron spectrum.

5.1.4

Inferring the hot-electron distribution from HXIP signals

The hot-electron temperature and fraction are given by minimizing the error function [70]

2

χ =



∑

i channels

PSLhot,i (Ahot , Thot ) + PSLthermal,i − PSLmeasured,i
σi

2
,

(5.7)

where the standard deviation (σi ) is given by the square root of the total number of PSL measured on a given channel (signal plus background). Although both Ahot and Thot appear as
independent variables in Eq. 5.7, it is only necessary to iterate over Thot because the value of
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Ahot that minimizes Eq. 5.7 can be solved analytically. Equation 5.7 can be written in the form
2

χ =



∑

i channels

Ahot Bi (Thot ) −Ci
σi

2
,

(5.8)

where Ai and Bi are constant with respect to Ahot . Taking the derivative of Eq. 5.8 with respect
to Ahot and solving ∂ (χ 2 )/∂ Ahot = 0 gives

Ahot =

∑i BσiC2 i
i

B2
∑i σ i2
i

.

Figure 5.4(a) shows the best fit (red X’s) to the HXIP channel signals shown in Fig. 5.2(c)
(using only channels 3 through 9). Figure 5.4(b) shows the corresponding χ 2 values, which
have a minimum at around Thot = 25 keV. The predicted values for channels 1 and 2 (not
included in the fit) are shown with blue X’s. The predicted signals for channels 1 and 2 are
considerably lower than the measurements, possibly because the assumption of a Maxwellian
velocity distribution for calculating the thermal plasma emission in a laser-heated plasma is not
completely valid.

Figure 5.4: (a) HXIP fit to channels 3-9 (red X’s). The blue X’s are the predicted values for channels
1 and 2 that were not included in the fit. The error bars correspond to the uncertainty in the measured
signal (one standard deviation). (b) χ 2 values for the fit.

In addition to the hot-electron temperature, a common metric for hot-electron generation
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Emin
is the fraction of incident drive-beam energy converted into hot-electrons defined by Fhot
=
Emin
Ehot
/Elaser , where
Emin
Ehot
= Ahot

Z ∞

E 2 e−E/Thot dE

Emin

is the (integrated) electron energy flux and Emin is an energy cutoff that in the present analysis
was chosen to be 50 keV.

5.1.5

Uncertainty in hot-electron measurements

A Monte-Carlo approach was used to determine the statistical uncertainty in the measured
values for Thot and Ehot . The PSLmeasured,i were taken to be independent random variables with
mean and variance given by the statistical uncertainty in the measurement, and the above fitting
Emin
procedure was performed 1000 times for each shot. The uncertainties in Ehot
and Thot are given

by the standard deviation in the resulting fits.
In addition to statistical uncertainty, there are several sources of systematic error in the
HXIP measurements. Examples include uncertainty in image plate sensitivity, filter thickness,
electron-to-photon conversion efficiency, image-plate fade times, drive-beam energies, imageplate scanner sensitivity, etc... Uncertainty in image-plate calibration is the dominant source
of systematic error. The various sensitivity curves shown in Fig. 5.2 for different image-plate
sensitivity models give a factor of ∼ 2 uncertainty in Ehot and ∼ 20% in Thot . For all but the
lowest energy shots, the systematic uncertainty is much greater than the statistical uncertainty.

5.2

Experimental results

Figure 5.5 shows the pairwise signal ratios of three-beam to four-beam shots at the same
overlapped intensity for all HXIP channels at five different overlapped intensities. The slope
of the signal ratios (for the higher energy channels) corresponds to the relative hot-electron
temperature (i.e., a positive slope indicates that the three-beam shot had higher hot-electron
temperature than the comparable four-beam shot). At the highest intensities, the four-beam
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shots have slightly higher hot-electron temperatures, but as the overlapped intensity decreases,
the trend reverses and the three-beam shots have increasingly higher hot-electron temperatures
relative to the four-beam shots.

3-beam = 1.1
Figure 5.5: Signal ratios (3-beam/4-beam) for shots with the same overlapped intensity [ηmax
to 3.7]. The signals are normalized such that the channel 1 signals coincide. The error bars are representative of the statistical error in the channel ratios.

Hot-electron production is an inherently nonlinear process, so it is not necessarily true that
hot-electron production should be correlated to linear gains, but experiments have shown that
linear gains provide a useful heuristic for predicting hot-electron production [4]. Figure 5.5
shows that the increased linear common-wave gain in the three-beam shots results in higher
hot-electron temperatures at the lowest drive-beam energies, but it is not clear why this trend
reverses at high overlapped intensities.
One possible cause of the higher hot-electron temperatures observed in the four-beam shots
at high intensity is SRS. The three-beam configuration is more susceptible to SRS (a predominantly single beam instability) than four-beam shots, which can reduce the amount of
drive-beam energy available at nc /4. Stimulated Raman scattering is associated with lower
hot-electron temperatures than TPD, suggesting the SRS driven hot-electrons are reducing the
apparent hot-electron temperatures in the high intensity three-beam shots.
Figure 5.6 shows hot-electron fractions (a) and temperatures (b) inferred from the HXIP
diagnostic in the TPD symmetry experiment (using channels 3 through 9). While there are
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small differences between the three- and four-beam configurations, the hot-electron production
appears to be predominantly determined by the overlapped intensity of the drive beams. The
three-beam shot had a higher hot-electron fraction and temperature only for drive beam energies
very near the instability threshold. The change from higher hot-electron temperatures in the
three-beam shots at low intensities to higher hot-electron temperatures in the four-beam shots
at high intensities is apparent in Fig. 5.6(b), although the difference is not as easy to see as it is
in Fig. 5.5.
A possible source of the relative insensitivity of the hot-electron production with the linear
growth rates is that the dominant EPW modes have very short wave vectors (Fig. 4.11). Because
the rate at which multiple beams go out of relative phase with a common EPW is proportional
to the EPW wave number, short wavevector modes can be driven by multiple beams even when
the common-wave matching conditions are not satisfied exactly.

Figure 5.6: Hot-electron fraction (a) and temperature (b) inferred from HXIP for three-beam (red triangles) and four-beam (blue circles) shots. The four-beam shot with Inc /4 = 2.7 × 1014 W/cm2 is not
shown because the signal level was insufficient to generate a hot-electron temperature. Only statistical
error bars are shown (two standard deviations).

5.3

Hot-electron spectra in LPSE

The hybrid particle evolution (HPE) module in LPSE was used to generate simulated hotelectron spectra. Figure 5.7 shows the electron energy distribution for a typical LPSE run show-
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ing the characteristic bi-Maxwellian shape associated with the TPD instability. The simulation
inputs were taken from shot specific DRACO simulations, but the plasma conditions are similar
to those discussed in Sec. 4.4.1. The relevant HPE specific input parameters were the HPE step
size (0.13 fs), the number of electrons (106 ), the rate of updating Landau damping (every tenth
wave-solver step), and the boundary thermalization probability (1, 0.2, 0.2). A wave-solver step
size of 0.01 ps was used for the HPE runs because the hot-electron spectra are less sensitive to
step size than the Thomson-scattering spectra.

Figure 5.7: LPSE Electron energy distribution

The boundary thermalization probability is the probability that an electron leaving the simulation box will be reintroduced from the thermal (flux) distribution or be replaced periodically.
For all of the simulations described, the thermalization probability was 100% on the ends perpendicular to the density gradient and 20% on all other sides. The perpendicular condition was
chosen to be 100% because a particle leaving through these boundaries is necessarily leaving
the quarter critical region, and the electron velocity distribution is assumed to be a thermal
Maxwellian outside of this region. The 20% thermalization probability on the sides was chosen
to reflect the fact that in the transverse direction, the plasma behavior is essentially periodic,
but not entirely because the plasma does not have infinite transverse extent, and the drive beam
intensity varies as a function of space. The exact choice of 20% is somewhat arbitrary because
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there is no obvious way to deconvolve the relative effects of the finite spatial extent and the
variation in drive beam intensity. A series of runs using different values for the side boundary
thermalization probabilities indicate that the results are not very sensitive to this choice. The
main source of this relative insensitivity is that the hot electron distribution predicted in LPSE
is highly anisotropic and dominantly forward directed, so the bulk of the hot electrons leave
through the completely thermalizing boundaries (although this will not necessarily be true for
general drive beam configurations).
The LPSE hot-electron temperature (Thot ) was defined using a 3-D bi-Maxwellian electron
energy distribution
√
√
f (E) = Atherm Ee−E/Ttherm + Ahot Ee−E/Thot ,
where Ttherm is the thermal electron temperature. Fhot is defined similarly to the experimental
definition (Fhot ≡ Ehot /Elaser ), where Ehot is the hot-electron energy leaving the simulation region. Fhot and Thot are determined using a time average after the simulation has reached a steady
state (10 ps). The nominal time average was 30 ps, but for low intensity simulations, it takes
much longer to build enough statistics to make a stable hot-electron temperature measurement,
resulting in run times out to 500 ps for the lowest energy shots. The same effect (at lower
computational cost) could theoretically be achieved by increasing the number of electrons, but
because the fields are not solved self-consistently, the electrons can be accelerated in spatially
localized bunches, so longer runs were given preference over large numbers of electrons.
In contrast to the experiment, where any measurement is invariably a flux measurement,
the full electron velocity distribution can be directly extracted in LPSE . However, the hotelectron fraction in LPSE is not given by integrating over the third (energy flux) moment of
the distribution function because the combination of partially thermalizing boundaries and a
spatially anisotropic velocity distribution cause the (spatial) integration boundaries to be poorly
defined. The hot-electron fraction is extracted by directly sampling the energy flux through each
of wall boundaries and applying weights appropriate to the thermalization probabilities.
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Rescaling for spatial and temporal behavior

To make a direction comparison to experiments, it is necessary to rescale the LPSE hotelectron fraction and temperature to account for spatial and temporal variations that are present
in the experiment. LPSE simulates only a small region of the plasma for a short amount of
time (relative to experimental scales) assuming constant plasma conditions. An expected hotelectron fraction was generated using a large (∼ 20) number of LPSE runs with varying plasma
parameters according to
R

hFhot i =

R

dt Fhot (r,t)I(r,t)rdr
R R
,
dt I(r,t)rdr

(5.9)

where I is the laser intensity, Fhot (r,t) is the spatially and temporally varying hot-electron fraction, and the limits of integration are all (0, ∞). The only unknown in Eq. 5.9 is Fhot (r,t), which
is calculated using LPSE simulations and temporally and spatially resolved hydrodynamic conditions predicted by DRACO.
Assuming that hot-electron generation is determined by the gain parameters (I, Ln , Te ),
Fhot (r,t) can be determined by making a mapping from (I, Ln , Te ) space onto Fhot and using
DRACO simulations to convert the map into Fhot (r,t). The discrete map (I, Ln , Te ) → Fhot generated by the set of LPSE runs is interpolated by assuming continuity and defining distance
using a nondimensionalized L2 norm
"
d≡

I − Ir
I

2



Ln − Ln,r
+
Ln

2



Te − Te,r
+
Te

2 #1/2
,

where the r subscript denotes variables corresponding to an LPSE run, and the unsubscripted
variables correspond to values at interpolations points. A 1-D version of direction is defined
µm

using the η (threshold) parameter (η ≡ I14 Ln /230TekeV )

sgn(d) ≡ sgn(ηr − η).

Using these definitions, the hot-electron fraction at each point in (I, Ln , Te ) space can be deter-

CHAPTER 5. TWO-PLASMON–DECAY SYMMETRY EXPERIMENT

69

Figure 5.8: Simulated plasma conditions at nc /4 where I (a), Ln (b), and Te (c) are simulated in DRACO
and Fhot (d) is simulated in LPSE using hydrodynamic parameters predicted by DRACO.

mined using linear interpolation between the two nearest neighbor points on either side of the
given point

F = F+ 1 −

d+
d+ + d−




+ F− 1 −

d−
d+ + d−


,

where the + (−) subscript corresponds to points above (below) the given point.
The (I, Ln , Te ) → Fhot map is converted to Fhot (r,t) using I(r,t), Ln (r,t), and Te (r,t) from
DRACO simulations. Figure 5.8(a)-(c) shows the DRACO simulated I(r,t), Ln (r,t), Te (r,t) at
quarter critical densities for the five-beam common-wave experiment. The predicted Fhot (r,t) is
shown in Fig. 5.8(d). The predicted hot-electron temperature is determined using the same technique with Fhot replaced by the full hot-electron energy distribution. Note that an approximation
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of this kind was not necessary in the Thomson-scattering comparisons because the experimental
measurement is made locally both in space and time.
Figure 5.9 shows the (normalized) spatially integrated LPSE prediction of the hot-electron
fraction [obtained by integrating Fig. 5.8(d) over rdr] and the measured signal from a temporally resolved hard-x-ray detector (channel 2 of HXRD [21]) for the five-beam common wave
shot [Figs. 4.5(a)]. The remarkable agreement between the simulated and experimental time
histories suggests that LPSE correctly predicts the relative hot-electron production over a broad
range of (I, Ln , Te ) space. The spectrally integrated Thomson scattering amplitude is included
in Fig. 5.9 to show the correlation between TPD driven EPW amplitudes and hard-x-ray (& 40
keV) generation. The most significant difference between the measured and predicted x-ray
time histories is the initial bump in predicted x-ray production at ∼ 0.2 ns, where there is a
corresponding bump in EPW amplitudes, but the rise in measured x-ray signal is delayed.

Figure 5.9: Spatially integrated time history of laser pulse (green), Thomson-scattered power (red),
HXRD2 signal (black), and LPSE simulated hot-electron fraction (blue).

5.3.2

Comparison of LPSE hot-electron distribution with experiment

Figure 5.10 shows the LPSE simulated hot-electron fractions, hot-electron temperatures,
and the corresponding measurements (with absolute error bars). As suggested by Fig. 5.9, LPSE
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accurately predicts the relative hot-electron fraction and temperature from shot to shot. LPSE
also correctly predicts that there is very little difference in hot-electron generation between
the three- and four-beam configurations. The absolute predictions of hot-electron fraction are
within the experimental error except at high intensity, where the simulations over predict the
hot-electron fraction. The predicted hot-electron temperatures are in good agreement at high
intensities, but are higher than the measurements at low intensities.

Figure 5.10: Comparison of the predicted (open markers) hot-electron fraction (a) and temperature (b)
to measurements (closed markers) in the three-beam (red triangles) and four-beam (blue circles) configurations with the statistical error added in quadrature to the absolute error.

At least part of the discrepancy in absolute hot-electron fraction [Fig. 5.10(a)] is due to the
absence of a pump depletion model in LPSE. For the highest intensity shots, the total amount of
energy coupled into hot-electrons is ∼ 2% of the incident laser energy, which makes it seem that
pump depletion should not be significant, but the points shown in Fig. 5.10 are temporally and
spatially integrated values. The peak hot-electron production in the highest intensity LPSE runs
was ∼ 10%, and the amount of energy being deposited into the waves themselves is probably
higher still.
The difference between measured and predicted hot-electron temperatures [Fig. 5.10(b)]
at low intensities is partly a statistical problem. Each simulated point in Fig. 5.10 represents
a weighted sum of simulation results based on the local plasma conditions. As the intensity

CHAPTER 5. TWO-PLASMON–DECAY SYMMETRY EXPERIMENT

72

decreases, the number of sample points that can be used to generate the weighted sum is increasingly diminished.
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Chapter 6
Conclusion
This Thesis has discussed a series of experimental campaigns focused towards studying the
multi-beam TPD instability. Simulations were performed using the 3-D code LPSE, and techniques were developed for making systematic comparisons between the measured and simulated
results. Thomson-scattering measurements were used to observe TPD driven EPWs driven by
multiple laser beams and observations of varying EPW wavevectors showed saturation of EPW
wavevector space. LPSE simulations are in excellent agreement with the measurements in a
variety of Thomson-scattering configurations. A TPD symmetry experiment using hard-x-ray
measurements showed almost no difference between the three-beam symmetric and four-beam
asymmetric configurations, and LPSE simulations suggest that this is related to the dominance
of EPW modes near k = 0. The LPSE predicted hot-electron production shows good agreement
with the onset of the TPD instability and the experimentally observed scaling in hot-electron
fraction and temperature.
In the latter part of the this PhD work, the primary focus shifted from making novel physics
observations to developing an accurate model for making direct comparison between simulations and measurements. While these results do not constitute a solution to the challenge
of developing predictive models of the TPD instability, they provide a useful starting point for
making the type of systematic comparisons that are necessary to help guide model development.
The Thomson-scattering measurements are easily compared to simulation results (because they
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are spatially and temporally local measurements), and the spectral shapes are sensitive to a large
number of parameters. The hard-x-ray measurements require more effort to make a direct comparison, but development of predictive models of hot-electron production is essential in the goal
of achieving direct-drive ICF ignition.
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Appendix A
LPSE density profile
n
The parameter of interest from a TPD point of view is the density scalelength Ln = | ∇n
|,

which is typically constant or slowly decreasing with increasing density in hydro simulations.
A generic power law density profile is given by

N(x) = Nmax

 x p
L

,

(A.1)

where x is the real-space distance along the density gradient and L is distance from x = 0
(where N = 0) to the maximum density (Nmax . In order to put this in terms of LPSE parameters,
define s as the range of densities in the LPSE volume and define N0 such that densities and the
boundaries of the LPSE grid are

N(xz = Lz ) = N0 + s/2,

N(xz = 0) = N0 − s/2,
where xz is the position (along the density gradient) in LPSE coordinates with range [0, Lz ]. The
conversion from real-space distance to LPSE distance is then x = x0 + (xz − Lz /2), where x0 is
an undetermined offset between LPSE coordinates and physical coordinates. Substituting into
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Eq. A.1 gives


x0 + xz − Lz /2
N(xz ) = (N0 + s/2)
L

p
.

(A.2)

The LPSE boundary conditions give


x0 + Lz /2
N0 + s/2 = (N0 + s/2)
L

N0 − s/2 = (N0 + s/2)

x0 − Lz /2
L

p
,
p
,

which can be solved for L and x0
Lz
L=
1 − α 1/p
where α ≡

N0 −s/2
N0 +s/2

Lz
x0 =
2

1 + α 1/p
1 − α 1/p

!
,

and 0 < α < 1. Plugging these into Eq. A.2 gives the density profile in the

LPSE volume

p
xz
1/p
1/p
n(xz ) = (N0 + s/2) α + (1 − α ) .
Lz
The scalelength for this density profile is


Lz
xz
1
Ln (xz ) =
+
.
p α −1/p − 1 Lz

A.1

Exponential density profile

A constant scalelength can be achieved using

N(x) = Nmax e(x−L)/λ ,

which has Ln = λ . Following the same procedure
N(xz ) = (N0 + s/2)e(x0 +xz −Lz /2−L)/λ ,

(A.3)
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N(xz = Lz ) = N0 + s/2 = (N0 + s/2)e(x0 +Lz /2−L)/λ ,
N(xz = 0) = N0 − s/2 = (N0 + s/2)e(x0 −Lz /2−L)/λ .
The second equation in A.3 gives L = x0 + Lz /2, which when plugged into the third equation
gives
λ=

Lz
.
ln (1/α)

Substituting L and λ back into Eq. A.3, the LPSE density is


N0 − s/2
n(xz ) = (N0 − s/2)
N0 + s/2
The scalelength Ln = λ =

Lz
ln (1/α)

α≈

−xz /Lz
.

can be expanded for s  N0 ,
1
1 + s/N0

→

Ln ≈

Lz N0
,
s

which is the average scale length in linear density profile with the same Lz , N0 , and s. For an
exponential density profile, note that given s, N0 , specifying a scalelength uniquely determines
the size of the simulation box, Lz (parallel to the density gradient).
The exponential profile turns out to be the limiting case of the power law profile for p →
±∞. Starting from

p
xz
1/p
1/p
N(xz ) = (N0 + s/2) α + (1 − α ) ,
Lz
for |p|  1, α 1/p ≈ 1 + 1p ln α. Plugging this in and pulling the term in square brackets into an
exponential
N(xz ) ≈ (N0 + s/2)e



i
h
p ln 1+ 1p 1− Lxzz ln α

.

The exponent can be expanded to give


1− Lxzz ln α

N(xz ) ≈ (N0 + s/2)e

= (N0 + s/2)α



1− Lxzz

,
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Figure A.1: Density profile and scalelength for p ranging from -10 to 10. Red (blue) lines correspond to
positive (negative) values of p. Darker lines correspond to larger |p|. The exponential profile is shown in
black. The lines most distant from the exponential profile correspond to p = ±0.2.

exactly as in the exponential case.
In practice, the LPSE density profile is specified with the density corresponding to the
enveloping frequency (N0 ) subtracted off. Figure A.1 shows typical density profiles that can be
used as inputs to LPSE (with N0 = 0.23) as a function of p. The exponential density profile is
shown in black to highlight the convergence of the power law profile to the exponential profile
for large |p|.
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Appendix B
Electron motion in a sinusoidal electric field
The force on an electron is given by the Lorentz force


u×B
F = q E+
.
c

(B.1)

Assuming a sinusoidal EM plane wave, the force due to the electric field is

me

∂u
= qE0 cos(ω0t − k0 · x)
∂t

(B.2)

Choosing a reference frame such that the electron is initially stationary and noting that the
electron motion will be parallel to the electric field (perpendicular to k0 ) gives

u=

qE0
sin(ω0t) = v0 sin(ω0t)
mω0

(B.3)

where the peak electron velocity has been defined
qE0
.
mω0

(B.4)

qE0
cos(ω0t) = −x0 sin(ω0t)
mω02

(B.5)

v0 ≡

Integrating gives
x=−
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where x0 ≡ qE0 /mω02 is the (spatial) oscillation amplitude. The intensity of a plane wave is
given in terms of the fields by the Poynting vector

S = E × H.

(B.6)

The electric and magnetic fields are perpendicular for an EM wave propagating in free space
giving
S=

cE02 cos2 (ω0t)
4π

(B.7)

along the direction of propagation. Time averaging gives

I = hSi =

cE02
.
8π

(B.8)

Solving for the electric field
r
E0 =

8πI
.
c

(B.9)

This equation also applies in a non-absorbing linear medium by including the index of refraction
(c → cN)
r
E0 =
where the fact that in a plasma, N =

8πI
=
cN

s

8πI
,
c(1 − ne /nc )1/2

(B.10)

p
1 − ne /nc , has been used. Plugging into B.4 gives (in

cgs)
q
v0 =
mω0

s

8πI
.
c(1 − ne /nc )1/2

(B.11)

For I = 5 × 1014 W/cm2 and ω0 = 351 nm, v0 = 2.3 × 108 cm/s and x0 = 0.43 nm. Relativistic
effects can be neglected for v0  c (up to I ∼ 1018 W/cm2 ).
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