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Fast Ignition (FI) is a form of Inertial Confinement Fusion where the compression

phase and the ignition phase are separated. In this scheme, a radially symmetric con-

figuration of driver beams composed of either direct laser illumination or laser produced

x-ray radiation are used to isochorically compress the fuel shell to ∼ 300 g/cm3. Once

the fuel is assembled, a high-intensity ignition beam (“short pulse”) is used to generate

relativistic electrons which then transport to the assembled fuel and deposit their en-

ergy which then causes it to ignite, initiating a thermonuclear burn wave to propagate

throughout the rest of the assembled fuel. Understanding relativistic electron genera-

tion and transport is extremely important for the development and success of the FI

scheme. Previous integrated FI experiments measured neutron yield enhancements to

infer increased energy delivered to the compressed core by relativistic electrons gener-
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ated from the short-pulse laser. While this method has demonstrated enhancements in

core heating, the exact location of neutron generation continued to be model dependent

and the trajectory of these relativistic electrons was not investigated, leaving questions

about the processes that influence energy coupling.

In this work, first-ever experimental observations of the spatial energy deposi-

tion of cone-guided relativistic electrons into an imploded FI plasma core are reported.

Utilizing a new experimental platform that has been developed on the OMEGA Laser

Facility, the spatial energy deposition of these relativistic electrons was characterized via

relativistic electron induced Kα fluorescence from a copper tracer added to a deuterated

plastic FI shell. Two-dimensional images of the copper Kα fluorescence were obtained

using a spherically bent Bragg crystal. The data show Cu Kα emission from a 300µm

region surrounding the cone tip, correlating well with the predicted core size. Also, cop-

per Kα emission was seen to be produced away from the cone tip, along the cone walls,

indicative of a large pre-formed plasma within the cone as a result of the OMEGA-EP

pedestal pulse. To validate experimental findings, relativistic transport simulations were

carried out utilizing a retrograde analysis of the relativistic electron conversion efficiency,

divergence, generation position and temperature. The simulated copper Kα spatial dis-

tribution was then compared with experimental findings to examine the sensitivity each

of these parameters on the short pulse energy coupling efficiency to the assembled core.

These findings helped facilitate new target designs and implosion dynamics which re-

sulted in a factor of four improvement to the energy coupling and also defines a clear

path towards high coupling efficiencies on large-scale laser facilities.
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Chapter 1

Introduction

1.1 Energy

Energy is defined as the power derived from the utilization of physical or chemical

resources, especially to provide light and heat or to work machines. The context and

motivation for the work in this dissertation is rooted in humankind’s need for energy;

our need of light and heat and machines. As such, the source of our energy becomes

paramount. Since the start of the industrial age, humankind has seen astronomical

increases in the use and reliance on various forms of energy. With the introduction of

electrically powered devices and fossil fuel powered transportation, the World Energy

Consumption was seen to increase by almost a factor of 5 (see figure 1.1) over the 50

years spanning 1950 to 2000. With an uncertain timescale that we can remain dependent

on fossil fuels [13] coupled with concerns over greenhouse-gas-produced global climate

change and the politically volatile state of fossil fuel governance, the need for a new

energy source is clearly pressing.

One solution to humankind’s exponentially increasing need for new sources of

energy is fusion energy. The idea being to extract the energy contained within isotopes of,

for example, hydrogen in a power plant-like setting. Hydrogen isotopes such as deuterium

exist naturally and can be extracted from our oceans with 1 L of ocean water containing

about 100 MWh of energy in the form of nuclear binding energy within deuterium nuclei.

Although the potential is great, with a chance to completely separate humankind from

unsustainable energy resources, the challenge to achieve this goal has proved to be equally

as great. The prospect of fusion as a realizable energy source was first seen over 60 years

1
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Figure 1.1: World Energy Consumption from 1800 to present. Data courtesy of [13]

ago with the Ivy Mike hydrogen bomb test. This was the first full-scale thermonuclear

fusion device to achieve energy gain with a yield of 10 Mt. Despite this proof of principle

so long ago, the ability to produce net gain fusion reactions in a laboratory setting

has proved to be much more difficult than its weapons-based counterpart. With the

commissioning of the National Ignition Facility (NIF) at Lawrence Livermore National

Laboratory (LLNL) in 2009, we are now at the precipice of seeing fusion energy gain

within a laboratory setting for the first time in our history.

1.2 Nuclear Fusion Basics

Nuclear fusion is a type of nuclear reaction where two nuclei combine together to

form a heavier nucleus. In this process, the resultant nucleus’ total mass will be slightly

different from the total mass of the reagent products. This difference in mass manifests

itself in the form of energy and can be quantified by Einstein’s famous mass-energy

equivalency relation E = mc2. More specifically, when two nuclei combine, the strong

nuclear force that initially bound the nucleons within each respective nucleus reconfigures

to form the new atom. In doing this, the average binding energy per nucleon inherently

changes resulting in an endothermic fusion reaction if the average binding energy is
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Figure 1.2: Binding energy per nucleon.

lower, and an exothermic fusion reaction if the average binding energy is higher, for

the resultant nucleus. Figure 1.2 shows the average binding energy per nucleon as a

function of atomic mass number. Here, we see that elements lighter than iron will fuse

exothermically, while elements heavier than iron will fuse endothermically. Conversely,

nuclear fission is the process where a heavier nucleus is split into lighter nuclei. For

comparison, a nucleus that would produce an endothermic fusion reaction would be

exothermic for a fission reaction. Nuclear fission is the reaction that occurs in nuclear

power plants whereas nuclear fusion is the reaction that occurs in main-sequence stars

like that of our Sun. In fig. 1.2 we see that the binding energy per nucleon is zero for a

hydrogen nucleus with no additional neutrons and rapidly grows with increasing number

of nucleons. Because the hydrogen isotopes have such a low binding energy per nucleon

while helium has a particularly high binding energy per nucleon, fusion efforts within the

laboratory have been primarily focused on hydrogen isotopes, with reactions resulting

in helium isotopes. Table 1.1 shows some of the common laboratory fusion reactions

currently being investigated.

In order for nuclear fusion to take place (as stated previously), two nuclei must

combine together. The difficulty with this, though, is that nuclei inherently repel one

another due to their Coulomb force. This force is defined by the product of the electric
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Table 1.1: Common reactions for laboratory fusion.

2H + 3H → 4He (3.5 MeV) + n(14.1 MeV)
2H + 2H → 3H (1.01 MeV) + p(3.02 MeV)
2H + 2H → 3He (0.82 MeV) + n(2.45 MeV)
2H + 3He → 4He (3.6 MeV) + p(14.7 MeV)

charge of the two nuclei in question divided by the square of the distance separating

them and can be seen in eq. 1.1.

FC =
q1q2

r2
(1.1)

The nuclear strong force, on the other hand, is the force that attracts nucleons

together and scales approximately as a negative exponential power with a scale length of

rn ∼= 1.44× 10−13(A
1/3
1 +A

1/3
2 ) cm, making the strength of the nuclear strong force neg-

ligible at separation distances greater than a few femtometers, but orders of magnitude

stronger than the Coulomb force at separation distances on the order of a femtometer.

As a result, the energy required to fuse, for example, a deuterium (2H) nucleus and a

tritium (3H) nucleus is simply the energy required to bring the two together to within a

separation distance of 1.44 fm, which can be calculated as follows:

∫ 1.44 fm

∞

qDqT
r2

dr ∼= 1 MeV (1.2)

According to classical theory, the energy required to fuse deuterium and tritium

nuclei is then 1 MeV which is a relatively large amount of energy. However, fusion reac-

tions still occur even at much lower relative energies. The reason for this is a quantum

mechanical effect called quantum tunneling whereby a particle can “tunnel” through a

potential barrier (the Coulomb barrier) of finite extension. As a particle passes through

a barrier that, classically would be impossible, its probability distribution function di-

minishes until it reaches the other side of the barrier. The probability that a particle

can tunnel through a finite barrier with potential greater than the particle’s kinetic en-

ergy is then the ratio of the particle’s probability distribution function before and after

transporting through the finite barrier.

The fundamental quantity for parameterizing the probability of a fusion reaction
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is the cross-section, which has the following form:

σ(ε) =
S(ε)

ε
e−
√
εG/ε (1.3)

Where ε is the center-of-mass kinetic energy and S(ε) is the astrophysical S factor which

has a weak dependence on the kinetic energy. εG is the Gamow energy relating the

probability that two particles will fuse together with energy ε.

Typically, when trying to produce fusion, the bulk plasma will not all have the

exact same kinetic energy. Rather, the mixture will be in thermal equilibrium with a

distribution of particle energies defined by a Maxwell-Boltzmann velocity distribution

function of the form:

fj(vj) =

(
mj

2πkBT

)3/2

exp

(
−
mjv

2
j

2kBT

)
(1.4)

Where the subscript j denotes the species. We assume all species are in thermal equi-

librium with one another, hence the temperature is denoted as T without a subscript.

With this distribution, the normalized fusion reaction rate, 〈σv〉 can be calculated by

taking the first velocity moment over all velocity space of the distribution function and

the fusion cross section.

〈σv〉 =

∫ ∞
−∞

∫ ∞
−∞

σ(∆v)∆vf1f2d
3v1d

3v2 (1.5)

Where ∆v is the relative velocity of two incident particles in the center-of-mass frame.

Figure 1.3 shows an analytical approximation for some of the more common laboratory

fusion reactions. Here, we can see that the deuterium-tritium cross-section is signifi-

cantly higher than the other cross-sections shown. Additionally, the threshold energy for

Deuterium-Tritium (DT) fusion to take place is considerably lower than the other reac-

tions with over an order of magnitude higher cross-section than the next best option in

the energy range of 5−10 keV. For these reasons, the DT reaction has been the primary

choice for attempting a successful self-sustained fusion reaction in the laboratory.
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Figure 1.3: Fusion cross section for some of the more common reactions.

1.3 Confinement and the Lawson Criterion

As shown in the previous section, in order for fusion events to occur at a statis-

tically high enough probability that it becomes self-sustained, the fuel must reach keV

temperatures. But, with keV temperature plasmas comes the difficulty of confining. A

5 keV plasma for example, is equal to one hundred million degrees Fahrenheit. Given

this, it is fairly obvious that the plasma can’t be contained in any simple device. At 5

keV, a steel container would easily be ionized and ultimately mix into the plasma causing

it to cool. Additionally, fast moving particles will radiate their energy away in the form

of bremsstrahlung radiation with a total radiated power per unit volume of the form:

PB = 1.4× 10−34n2T 1/2 W/cm2 (1.6)

Where n is the number density of the particles and T is the Maxwellian param-

eterized temperature distribution. The temperature dependence of the power radiated

shows that a higher temperature plasma will radiate more and more energy. Energy

losses, as it turns out, are somewhat inevitable. The goal, then, is to have a fusion

output power that exceeds the losses. With the normalized fusion reaction rate defined

in equation 1.5, we can see that the faster we want the fusion reaction to happen, the
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higher the cross-section and/or the density need to be. The idea that the product of

the confinement time and the density as a metric for the performance of a fusion reactor

was first proposed by John D. Lawson in his paper published in 1957 [14] and is referred

to as the Lawson Criterion. In his paper, Lawson calculates the necessary density and

confinement time such that the thermonuclear output from the plasma within the fusion

reactor will be balanced by the inherent energy losses. The arguments presented are

overly simplified, but do give an order of magnitude estimation for the necessary per-

formance of a fusion reactor. Essentially, the output power is balanced with the input

power. The output power is the power per unit volume produced by a, for example,

deuterium-tritium reaction.

PR = nDnT 〈σv〉ER (1.7)

Where nD and nT are the number densities for deuterium and tritium respec-

tively. 〈σv〉 is the normalized fusion reaction rate, calculated in equation 1.5, and ER

is the energy released per reaction. The energy that needs to be added to the system

is then the energy required to heat the plasma to temperature, T , and the total energy

lost due to radiative cooling. The energy is released by the plasma in a form that can be

readily converted to electrical power is the energy from the DT reaction and the energy

required to heat the plasma initially with both of these having an efficiency, η, with

which they can be converted to usable energy. Introducing the parameter, R, as the

ratio of the fusion output energy to the input energy we find the inequality required for

a fusion reactor to have a net gain:

η(R+ 1) > 1 (1.8)

Plugging in equations 1.6 and 1.7 for R in equation 1.8 and noting that R must

be at least 2 due to the practical constraint that η cannot be more than 1/3, we get the

Lawson Criterion as a function of reactor efficiency and radiative losses:

nτ > 2
[
PR/3n

2kBT − 2PB/3n
2kBT

]−1
(1.9)

The Lawson Criterion ends up taking on a minimum value of nτ = 1.5 ×
1014 s/cm3 for deuterium-tritium reactors. With this value, regardless of the design

of the fusion reactor, we know that the product of the density and the confinement time
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must reach the aforementioned value. How do we confine the plasma then? There are

two primary methods currently being investigated, magnetic and inertial. In Magnetic

Confinement Fusion (MCF), magnetic fields are used to forced charged particles to rotate

around magnetic field lines thus constraining any net momentum to be along the mag-

netic field lines. The most common MCF reactor design is the tokamak with the largest

being the ITER in Cadarache, France. The tokamak design is shaped like a torus with

a closed magnetic field geometry within the torus such that charged particles traveling

along the magnetic field lines will continue indefinitely until they undergo collisions and

eventually escape. The magnetic field line structure is created by adding a toroidal field

and a poloidal field together with the net field having a helical shape traveling around the

torus. The Lawson Criterion is satisfied with this confinement method using densities of

1020 cm−3 and confinement times of 1 µs.

The other method for confining a plasma to produce fusion is called Inertial

Confinement Fusion and is the method being investigated by the author in this thesis

with details in the following section.

1.4 Inertial Confinement Fusion

Inertial Confinement Fusion (ICF) [15] is a form of controlled thermonuclear

fusion where the fusion reagents are confined by their own inertia rather than a magnetic

field as was discussed in the previous method. In order to accomplish this, a millimeter

sized capsule made of frozen DT and filled with DT gas is irradiated by a radially

symmetric configuration of lasers. When the lasers interact with the frozen DT outer

shell, the shell heats up very quickly causing the outer shell to ablate away with a net

momentum radially outward. This net outward momentum acts like a rocket on the

remaining shell, pushing it radially inward, consequently compressing it as well as the

DT gas inside the frozen DT shell. The shell then continues to implode and compress

until the pressure from the inner DT gas is strong enough to balance the momentum

from the imploding shell. At this point, the DT gas inside the imploded shell has reached

high enough temperatures (5 keV) to initiate a fusion reaction. As can be seen in table

1.1, one of the fusion products from a DT reaction is a 3.5 MeV α-particle. The α-

particles created in the inner DT gas then travel radially outward and interact with

the compressed DT frozen shell causing it to heat up and start the DT fusion reaction

within the shell. The end result, is a thermonuclear burn wave propagating throughout
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Figure 1.4: Four-step Inertial Confinement Fusion process. 1) A radially symmetric
configuration of nanosecond timescale lasers irradiate the frozen deuterium-tritium shell.
2) The shell begins to heat and ablate outwardly imparting an inward momentum on the
remaining shell. 3) The rapidly imploding shell finally stagnates with the central region
so hot that ignition begins. 4) The ignition started within the central hot region begins
a thermonuclear burn wave throughout the rest of the compressed DT shell.

the entire DT shell all while the shell is stagnated from the pressure balance of the inner

DT gas with the momentum of the imploding shell, hence inertially confined. Because

the amount of time that this shell will be inertially confined is incredibly short when

compared to the confinement time of MCF, the densities in ICF must be relatively longer.

The step-by-step process of ICF can be seen in figure 1.4.

To get a better idea of the requirements for satisfying the Lawson Criterion within

the ICF method, we start by estimating the confinement time (following [16]). When

something is inertially confined, this means its own mass is “resisting” acceleration. This

can be seen by looking at Newton’s Second Law of Motion:

m =
F

a
(1.10)

What equation 1.10 shows is that the mass (m) of an object inversely defines

the amount acceleration (a) that it will feel per unit force (F ) applied to it with lighter

objects feeling more acceleration per unit force than heavier ones. If we assume that the

lasers cause the outer shell to ablate and impart a force, F on the remaining shell with

mass m, there will be an acceleration a inwards. Given this acceleration inwards, the

distance traveled inwards by the shell will be:

a =
2d

t2
(1.11)
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Combining equations 1.10 and 1.11 and solving for the confinement time, t, we get:

t =

√
2md

F
(1.12)

Now, the force from the ablating material can be approximated by assuming the

material equation of state follows the ideal gas law, P = nkBT , and the ablation pressure

is applied uniformly over the shell of radius, R. The force can then be (very roughly)

approximated as F = ρTR2, where ρ is the mass density of the shell. Additionally, the

mass, m, can be re-written as a product of the density multiplied by the volume of the

shell and the distance from equation 1.12 can be approximated by the radius of the shell.

Plugging all of these values into equation 1.12 and simplifying, we get:

τC ∼
m1/2R

T 1/2
(1.13)

Since
√
T/m is just the sound speed within the compressed shell, the confinement

time is proportional to the size of the compressed shell and inversely proportional to the

speed that particles are traveling within the shell.

In ICF, the confinement time is not directly analogous to the confinement time

discussed in MCF, which was technically an energy confinement rather than a mass

confinement. Instead, it is more important to discuss the fraction of the fusion fuel that

will be used up within the mass confinement time, τC . We start by taking the burn rate

for a particular species within the fuel shell:

dnj
dt

= −ninj 〈σv〉ij (1.14)

Assuming a 50-50 mixture of deuterium and tritium, equation 1.14 becomes:

dn

dt
= −n

2

2
〈σv〉 (1.15)

Integrating equation 1.15 over the confinement time we get:∫ n

n0

1

n2
dn = −(1/2) 〈σv〉

∫ τC

0
dt

Resulting in:
1

n
− 1

n0
=

1

2
τC 〈σv〉DT (1.16)
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If n is the number of unburnt reagents after a given time, then the fraction burnt after

a given time is:

fb = 1− n

n0
(1.17)

Algebraically manipulating equation 1.16 such that the left hand side takes on the form

of equation 1.17

n0

n
− 1 =

1

2
n0τC 〈σv〉DT

n

n0
=

1
1
2n0τC 〈σv〉DT + 1

1− n

n0
= fb =

1
2n0τC 〈σv〉DT + 1
1
2n0τC 〈σv〉DT + 1

− 1
1
2n0τC 〈σv〉DT + 1

fb =
1
2n0τC 〈σv〉DT

1
2n0τC 〈σv〉DT + 1

And noting that τC = R/(4Cs) and n0 = ρ/mDT we get:

fb =
ρR

ρR+ 8mDTCs/ 〈σv〉DT
(1.18)

The second term in the denominator is called the burn parameter and will typ-

ically take on a value between 6− 9 g/cm2. In terms of its meaning, we can see, math-

ematically, that it is basically the ratio of the sound speed to the cross-section. We

know from figure 1.3 that increasing the particle kinetic energy causes the fusion cross-

section to go up, but we also know from equation 1.13 that the amount of time that

the fuel is inertially confined is inversely related to the temperature. As a result the

burn parameter is a balance of these two competing effects, aka. confinement time vs.

cross-section. Because the burn parameter is relatively flat over a large range of tem-

peratures, the areal density, ρR, of the compressed ICF shell becomes the quantity of

interest in inertial fusion because it directly determines the fraction of the fusion fuel

that gets burned up for a given burn parameter. For example, with a burn parameter

of 6 g/cm2, an areal density of ρR = 3 g/cm2 is required to achieve a burn fraction of

1/3. The areal density can also be related back to the MCF Lawson Criterion by again

noting that τC = R/(4Cs) and n0 = ρ/mDT :

nτC =
ρ

mDT

R

4Cs
= 2× 1015 s/cm3 (1.19)
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With the areal density essentially fixed at 3 g/cm2, we can calculate the appropri-

ate density (ρ), such that the yield is a reasonable level to be contained within a reactor.

We start with a trial and error approach, taking the density of hydrogen at standard

temperature and pressure (ρ = 8.99 × 10−5 g/cm3). With this density, it would take a

radius of R = 3.34 × 104 cm in order to have an areal density of 3 g/cm2. The problem

with this, though, is that the total mass of the reagents would be about 1.4×1010 g which

would produce more energy than the largest nuclear bomb by several orders of magni-

tude. Even at solid density, its energy output would be equivalent to about a megaton of

TNT. Obviously, no reactor design could withstand that kind of energy output. Instead,

if we compress the fuel to densities high enough that the required areal density can be

achieved without a large fuel mass, we can reduce the energy output to a much more

reasonable level for a sustainable fusion reactor. For example, a reactor producing the

equivalent of ∼ 100 tons of TNT would be possible with a compression ratio of about

1000-fold, using only about 1 mg of DT fuel.

In order for the 1 mg of DT fuel to ignite, it must be heated up (as stated before),

to about 5 − 10 keV. The total energy required to heat the entire fuel to 10 keV would

be about 1 MJ and, assuming a burn fraction of 1/3, would produce about 10 MJ of

thermonuclear energy, resulting in a gain of 10. This factor of 10 gain does not take into

account any of the inefficiencies of the laser energy coupling nor the implosion process.

With the laser energy coupling expected to be on the order of 10%, it is easy to see that

this process will not work if we have to heat the entire fuel mass.

As an alternative to volumetrically heating the entire fuel mass, in the Central

Hotspot ICF technique, only a small portion of the fuel is heated to ignition and then

a subsequent thermonuclear burn wave propagates from the ignited region, through the

remaining cold fuel burning itself up without any additional driver energy input. For

this technique to work, the amount of fuel and subsequent energy released in the central

hotspot needs to be high enough to initiate a thermonuclear burn wave. The Central

Hotspot technique is predicated on the utilization of the α-particles produced in a DT

reaction as the primary heating mechanism for the remaining fuel. As can be seen in

table 1.1, DT reactions produce an α-particle with an energy of about 3.5 MeV. In order

for these particles to deposit their energy into the remaining cold fuel, both the central

hotspot and the remaining fuel need to be able to stop them before they escape the fuel

and reach the reactor chamber walls. With this, as little as 1% of the compressed fuel
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needs to be heated, drastically reducing the driver energy requirements. A more detailed

analysis of the Central Hotspot technique can be found in Kidder et al. [17].

Although focusing the heating energy to a central hotspot drastically reduces the

heating requirements, there are many complexities that arise from this technique. Firstly,

the main challenge for achieving central hotspot ignition is hydrodynamic stability of the

imploding shell. With the shell being driven by an ablating outer shell surface, we have

gradient in the shell density profile pointing in the opposite direction to the force being

applied to the shell. An analogy to this is the idea of holding a glass of water upside

down. In theory, the water should remain in the glass because the air pressure being

applied to the water is evening distributed, but any slight perturbation in the water

surface position will seed a growth which will eventually lead to all the water leaving the

glass. Similar to this, in central hotspot ICF, perturbations in the shell surface roughness

will lead to shell breakup, reducing the final density of the shell at stagnation.

Also, with a central hotspot, it is critically important that only the central

hotspot is heated. The more fuel that is heated by the drivers, the more driver en-

ergy is required to start the ignition process. With this, another issues arises during the

implosion of a DT ice shell filled with DT gas. As the gas heats up, some of the DT ice

on the inner shell ablates off and mixes with the hotspot gas. This mixing reduces the

temperature of the hotspot and can ultimately quench the ignition process.

With these issues, a new flavor of ICF was proposed by Max Tabak et al. [18]

in 1994 that aims to minimize some of the primary issues associated with traditional

central hotspot ICF and is outlined in the following section and is the subject area of

this dissertation.

1.5 Fast Ignition

Fast Ignition (FI) [18] is a form of ICF where the compression phase and the

ignition phase are separated, with driver beams, similar to those used in ICF, to compress

the fuel shell. Once the fuel is assembled, an auxiliary, high-intensity ignition beam is

used to generate a rapid pulse of energy delivered to a small region similar in concept to

that of the hotspot region in traditional ICF which then ignites, causing a thermonuclear

burn wave to propagate throughout the rest of the assembled fuel. FI vs. traditional

ICF can be thought of analogously to the spark-ignition vs. diesel car engines where

a diesel engine (ICF) initiates the ignition of the fuel solely from the compression of
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Figure 1.5: Comparison of traditional Inertial Confinement Fusion with Fast Ignition.
The isobaric compression from ICF resulting in a high temperature, low density hotspot
while the isochoric compression of FI resulting in a relatively constant density assembled
fuel with a temperature spike on the side coming from an auxiliary high intensity beam.
Image courtesy of Lawrence Livermore National Laboratories.

the fuel mixture whereas a spark-ignition engine (FI) compresses the fuel mixture but

then uses an auxiliary “spark” to actually initiate the burn process. By separating

the compression phase and the ignition phase, a central hotspot is no longer needed

which means greater focus can be placed on optimizing the assembled fuel areal density

during the compression process which would inherently lead to higher yields according

to equation 1.18. Figure 1.5 shows a cartoon drawing of both an ICF and a FI assembled

fuel along with a plot of the temperature and density profiles for each method. With

ICF, the fuel is isobarically compressed to create a central hotspot that is in pressure

equilibrium with the cold, outer fuel shell, while in FI, the fuel is isochorically compressed

with a flat density profile leading to higher areal densities.

In order for FI to be successful, the auxiliary spark beam must supply energy

to the assembled fuel in a small spot in a time-scale on the order of the confinement

time which was estimated in the previous section. It wasn’t until the development of

Chirped Pulse Amplification (CPA) (discussed in section 3.3.1) of lasers that the required

ignition intensities of the FI scheme were possible. With a CPA laser, intensities above

1018 W/cm2 can be achieved in timescales ∼ 10 ps, reaching powers in the petawatt
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(a) (b)

Figure 1.6: Comparison of cone-guided Fast Ignition with traditional Fast Ignition. a)
Fast Ignition scheme without a protective cone. b) Fast Ignition scheme using a cone to
guide the ignition beam closer to the assembled fuel spark region.

regime. To deposit the ignition beam energy to the ignition spark region, the ignition

beam interacts with the plasma, producing relativistic electrons which then transport

to the assembled fuel and deposit their energy into the ignition spark region causing a

thermonuclear burn to propagate throughout the rest of the assembled fuel.

One of the main challenges with FI is getting the ignition beam to transfer its

energy to electrons very close to the spark region. With a typical CPA laser having a

wavelength of 1 µm, the critical density (density where light can no longer propagate)

is 1021 cm−3, which is very low relative to compressed DT which would need to be as

high as 1026 cm−3 to achieve ignition. This means the critical density could be as far as

a few hundred microns away from the spark region making the energy deposition of fast

electrons prohibitively difficult. To remedy this, a high-Z cone is inserted geometrically

reentrant to the fuel shell prior to compression (see figure 1.6). The cone then acts as a

barrier, protecting the ignition beam from the ablated plasma and allowing it to interact

with the inner cone tip to produce relativistic electrons very close to the ignition spark

region.

In order for cone-guided electron FI to be successful, the energy contained in the

short pulse heating beam must be efficiently converted to thermal energy within the igni-

tion spark region. More specifically, the short pulse must efficiently generate relativistic
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electrons within an energy range of 1 − 3 MeV which then must transport efficiently

(without diverging) to the ignition spark region, and then efficiently deposit their energy

into the ignition spark region. Many studies have been carried out looking at the key pa-

rameters for FI to be successful. For example, experiments carried out on the Titan and

OMEGA Laser Facilities [19, 20, 21, 22] measured fast electron-induced bremsstrahlung

and K-shell emission to characterize the efficiency with which MeV electrons are pro-

duced by the heating laser beam interacting with planer foils. Results show conversion

efficiencies from laser to relativistic electrons in the range of 10− 30%. Additionally, ex-

periments have been performed [23, 24, 25, 26, 27, 28, 29, 30] to characterize the transport

and stopping power of MeV electrons transporting through solid and compressed materi-

als. Some of these include experiments utilizing multiple bremsstrahlung spectrometers

configured radially from the target within the target chamber such that fast electron

source divergences could be inferred using the angular distribution of bremsstrahlung

radiation emitted from the target. Results from these experiments show fast electrons

mean angular divergences of ∼ 50°. Other experiments used multiple fluor layers within

a planar target configuration to measure K-shell emission from two elements providing

in situ measurements of the fast electron range and stopping power within the trans-

port material. Lastly, studies have been done to characterize the efficiency with which a

beam of electrons can deposit their energy into a compressed core [31]. Here the balance

between mean fast electron energy (mean range) and assembled fuel areal density is the

critical metric. Here the fast electron temperature generally scales with the laser inten-

sity and the laser wavelength according to empirical [32] and theoretical [33] scalings.

Experiments and subsequent simulations [34] were carried out using gold cones, similar

to what would be inserted into a FI fuel shell, but instead, a copper wire was attached to

the cone tip. With this wire, fast electron induced copper K-shell radiation was spatially

resolved along the wire allowing for fast electron slope temperature and mean energy

estimations to be made.

Other energy coupling experiments including sub-scale integrated FI studies

[35, 36, 37, 38] have been carried out measuring neutron yield enhancements from the

ignition beam. In these studies, neutrons are detected from the ICF-like implosion of the

fuel shell. Additionally, neutrons are also produced from the ignition beam due to fast

electrons depositing their kinetic energy into the assembled fuel increasing its tempera-

ture. Since the neutron production rate scales with the compressed core ion temperature
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as T 2
i and with the compressed core density as ρ2, assumptions can be made about the

core density and temperature profiles prior to the arrival of the ignition pulse allow-

ing for estimations of the fast electron energy deposition to the compressed core to be

made [38, 35, 37]. But, with these estimations comes an inherent level of uncertainty

in the efficiency measurements due to their model dependency. Additionally, the use

of neutrons to infer fast electron energy coupling does not allow for measurements of

the spatial aspect of the energy deposition. Without information of the spatial energy

deposition, the fraction of fast electrons depositing their energy into an ignition spark

region rather than volumetrically heating the entire assembled fuel is uncertain. Since

volumetric heating of the entire assembled fuel would result in an energetically unfavor-

able amount of short pulse beam energy to cause ignition, it is of paramount importance

to understand exactly where these fast electrons are depositing their energy.

In this dissertation, sub-scale integrated fast ignition experiments utilizing a

copper tracer added to a deuterated plastic shell are reported both experimentally and

numerically. By adding a copper tracer to the shell, measurements were made using x-

ray diagnostics tuned to copper’s K-shell which were then used to infer the fast electron

induced copper Kα radiation by virtue of the cross section’s relatively weak dependence

on incident electron energy.

1.6 Outline of Dissertation

Chapter 2 introduces the basic theoretical concepts used in the rest of this study

making this dissertation understandable to a more general audience. First, some of the

basic features of a plasma are defined. Then the process of fast electron generation,

transport, and deposition are presented as it pertains to Fast Ignition.

Chapter 3 stages the experimental methods and techniques for this dissertation.

The motivation for understanding the spatial energy deposition of fast electrons within

the Fast Ignition compressed core as well as the target design using a copper tracer

added to a deuterated plastic shell are discussed. Then, a description of the OMEGA

and OMEGA-EP laser facilities, where experiments were conducted, is discussed. Then,

a description of the primary diagnostics used as well as the basic physics utilized by the

various diagnostics is presented.

Chapter 4 recounts the results from the experiments conducted on the OMEGA

laser facility with OMEGA-EP also used by redirecting it into the OMEGA chamber.
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First-ever measurements of the spatial energy deposition of fast electrons are shown.

Additionally, first-ever trends showing a simultaneous increase in copper Kα and neu-

tron yield increasing with OMEGA-EP energy are shown. Also, results from diagnostics

showing OMEGA-produced supra-thermal electrons inducing copper Kα radiation dur-

ing the implosions process is discussed.

Chapter 5 shows the simulated findings and compares them with experimental

results. First the results from the pedestal pulse radiation-hydrodynamic simulations and

LPI main pulse simulations are presented. Then, a brief discussion of the two-dimensional

shell implosion simulations is presented. Finally, the retrograde analysis using ZUMA is

presented, starting with the setup and then the results of the electron source divergence

scan, position scan, temperature scan, and energy deposition estimation are presented.

Chapter 6 summarizes the results of this dissertation

1.7 Role of the Author

The role of the author as it pertains to the work presented in this dissertation

is discussed here. The experimental data discussed in Chapter 3 and 4 were collected

at the OMEGA Laser Facility at the Laboratory for Laser Energetics over the span of

4 shot days in 4 years with the first experiment in 2011. The experimental campaign in

2011 was designed by T. Yabuuchi, M.S. Wei, and F.N. Beg. The author was responsible

for planning and executing the experimental shot day as well as analyzing all diagnostics

involved on shot day. For the next two shot days (2012, 2013), the author had a much

larger role in experimental design and diagnostic development/optimization while still

keeping the same role of experimental execution on shot day and analysis of all diagnos-

tics. For the last shot day (2014), the author’s role was much more auxiliary, providing

some guidance in experimental planning and analysis of some diagnostics. With the

completion of the experimental campaign, the author then began model validation of

the experimental findings using the hybrid transport code, ZUMA, which is discussed in

Chapter 5. Additionally, the data analysis to obtain an absolute calibration of the Zinc

von Hamos diagnostic, which can be seen in Section 3.4.5 was done by the author.

Transport simulations using the PIC code, LSP, was done by A. Solodov. Shell

implosion simulations using the radiation-hydrodynamic code, DRACO, was done by

A. Solodov. And one-dimensional simulations using the radiation-hydrodynamic code,

LILAC, was done by J. Delettrez. Laser-Plasma-Interaction simulations using LSP were
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done by B. Qiao. HYDRA simulations of the formation of a pre-formed plasma produced

by the OMEGA-EP nanosecond pedestal pulse interacting with the Au cone was done

by S. Chawla. Much of the experimental planning and execution was done by M.S. Wei

and C. McGuffey in addition to the author.



Chapter 2

Background and Theory

Here we discuss the basic physics behind this dissertation work. The primary

research in this dissertation is related to the transport of fast electrons and their sub-

sequent energy deposition into sub-ignition scale FI experiments. As such, the focus in

this chapter will start with some basic plasma physics and then move on to the physics of

laser-plasma interaction including laser propagation in a medium and the absorption of

laser energy in the form of relativistic electrons. The chapter then discusses the physics

of the transport of these relativistic electrons and their stopping power within a plasma.

Lastly, a discussion of some of the key parameters used to characterize an integrated fast

ignition experiment.

2.1 Basic Plasma Physics

Plasma is the lesser-known of the four states of matter. There is solid, liquid, gas

and then plasma. Despite this, more than 99% of the observable universe is in the plasma

state. In its most basic sense, a plasma is ionized gas. In order to reach an ionized state,

the thermal motions of the atom’s nucleus and electrons must exceed the Coulomb force

attracting them, trying to restore them to a bound state. When this happens, the gas

begins to exhibit very different behavior than a normal gas, hence the classification into

a different state. It is not hard to image how different a plasma could be from a normal

gas. When a gas is ionized, it is essentially a soup of two types of particles that either

repel or attract one another. Each particle’s motion, then, is coupled to the rest of the

particles and is balanced by the ratio of the Coulomb force to the thermal motion of

20
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each particle. Within a plasma, electric and magnetic fields can develop which can then

affect other particles at separation distances greater than what would occur in a normal

gas. It is because of this that makes plasmas incredibly unique and fascinating.

In the following sections we will continue to define a plasma with a more math-

ematical treatment, starting with the derivation of the basic equations governing the

motion of the particles that make up a plasma.

2.1.1 Vlasov’s Equation

Vlasov’s equation is a very simple and yet very profound equation defining the

position of every particle in a system, in phase space. We start by defining a phase-

space distribution function f(x,v, t). This function tells us the probability of the total

number of particles, f , with position in three dimensional space x and velocity in three

dimensional velocity-space, v, all at a given time, t.

To construct Vlasov’s equation, we start by looking at a hypothetical ‘snapshot’

plot of f(x,v, t = τ) in phase space. From fig. 2.1, we can get an idea of how to

construct an equation for how the total number of particles, N , within a dx × dv ‘box’

changes in time. The left side of the equation is simple, being the time rate of change

of N → ∂N/∂t. Now, if we examine our phase-space ‘box’ with dimensions dx× dv, we

can see that the total number of particles contained within this ‘box’ is:

Nbox =

∫ x+dx

x

∫ v+dv

v
f(x,v, t)dxdv = f(x,v, t)dxdv (2.1)

The time rate of change of equation 2.1 is then simply the time derivative of the left and

right sides as follows:

∂Nbox

∂t
=
∂f

∂t
dxdv (2.2)

Now, over time, particles will enter and leave our dxdv ‘box’ at a rate dictated

by the flow rate through the ‘walls’ of our phase space, which we will henceforth refer

to as phase-space surfaces or just surfaces. Looking at fig. 2.1 the vertical surfaces have

a length dv while the horizontal surfaces have a length dx. The flow rate of a system

is just the number of particles flowing, f , times the rate they are flowing. The rate

they are flowing along the position axis (horizontal) is simply the velocity, v, and the

rate they are flowing along the velocity axis (vertical) is simply the acceleration, a. In
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Figure 2.1: Randomly distributed particles in phase space. Infinitesimal box of size dx
× dv containing Nbox particles.

our case, we have f(x,v, t)vdv and −f(x + dx,v, t)vdv for the left and right walls,

respectively. And we have f(x,v, t)adx and −f(x,v +dv, t)adx for our top and bottom

walls respectively. Minus signs are added corresponding positive flows resulting in loss

of particles contained within our box. Since the time rate of change of the number of

particles contained within the box must be equal to the sum of the particles entering

and leaving all the surfaces of our box (and particles are not created or destroyed in our

box), we can write the full expression for the time rate of change of particles in our box

as follows:

∂f

∂t
dxdv = − [f(x + dx,v, t)− f(x,v, t)] vdv − [f(x,v + dv, t)− f(x,v, t)] adx

Dividing dxdv through to the right side:

∂f

∂t
= −v

f(x + dx,v, t)− f(x,v, t)

dx
− a

f(x,v + dv, t)− f(x,v, t)

dv
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The terms on the right are just the definition of a derivative which can be re-written as:

∂f

∂t
= −v

∂f

∂x
− a

∂f

∂v
(2.3)

Equation 2.3 is called Vlasov’s equation. It defines the rate of change of any

distribution, f , of particles in time, space, and velocity. From this equation we can

derive the remaining equations used to define the motion of particles. Then, we can

take those equations and apply them to a grouping of ionized particles, like that of a

plasma. To do this, we take what is called moments of Vlasov’s equation. Taking a

moment of Vlasov’s equation is essentially taking an average over velocity space and we

do this by integrating Vlasov’s equation with respect to the dependent variable, velocity.

Each moment yields an equation defining the conservation of some value relating to the

particles. With the first moment, we get the continuity equation. This is the equation

defining the conservation of mass flux within the system. The second moment yields the

equation of motion defining the conservation of momentum flux within the system. And

the third equation is the energy conservation equation defining the energy flux of the

system. All three equations are written as follows:

∂ρ

∂t
+∇ · (ρu) = 0 (2.4)

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p+ nq

(
E +

u

c
×B

)
(2.5)

∂P

∂t
+ u · ∇P + 3P∇ · u + 2∇ ·Q = 0 (2.6)

With each successive moment taken from Vlasov’s equation, a new term from the

next higher moment appears. For example, in the continuity equation 2.4, defining the

conservation of mass, the mean momentum term is introduced which subsequently gets

defined in the next moment equation (the momentum flux equation). Mathematically,

what this means is the system is inherently underconstrained. With each new moment

equation comes a new variable, making the number of variables always one more than the

number of equations. In order stop this closure problem, assumptions can be made about

the relationship between state variables, such as the temperature, pressure, volume, and

internal energy, resulting in an equation of state which can be used in place of the energy
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flux equation 2.6 and thereby close the system of equations. Some simple examples

include the adiabatic equation of state where the pressure is related to the density using

an adiabatic index, γ, which is a ratio of the specific heat at constant pressure, CP , and

volume, CV and is written as follows:

P ∼ nγ (2.7)

The other example being the isothermal equation of state, which is more commonly

referred to as the ideal gas law and is written:

P = nkBT (2.8)

Currently, there is no single equation of state which can accurately predict the

properties of matter under all conditions. Rather, there are many equations of state

which are used in specific regimes. For example, equation 2.8 is valid for gases (and

plasmas) at relatively low pressures and moderate temperatures but fails to predict the

condensation of a gas into a liquid.

With these equations, including the modification of the third moment equation

into an equation of state, the particle positions within a plasma can be explicitely defined

as long as the forces acting on them are known. Conversely, if the particle positions and

velocities are known, one can use Maxwell’s equations to determine the forces acting on

the particles, more specifically, the electric and magnetic fields, which will be discussed

in the following section.

2.1.2 Maxwell’s Equations

With the Vlasov moments, the exact particle positions can be solved for given

the electric and magnetic field of the system. But, to get the electric and magnetic field

from current particle positions and velocities, Maxwell’s equations are needed. Maxwell’s

equations are a set of equations defining the spatial and temporal evolution of the elec-

trostatic and electrodynamic behavior of charged particles. While all of the equations

were technically discovered by other scientists, their interconnectedness was discovered

by Maxwell (in addition to him introducing the displacement current term, ∂E/c∂t, to

Ampère’s law) culminating in his conclusion that light must propagate as an electromag-

netic wave.
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∇ ·E = 4πq(ni − ne) (Gauss’ Law) (2.9)

∇ ·B = 0 (No Magnetic Monopoles) (2.10)

∇×E = −1

c

∂B

∂t
(Faraday’s Law) (2.11)

∇×B =
4π

c
J +

1

c

∂E

∂t
(Ampère’s Law) (2.12)

Equations 2.9 - 2.12 are Maxwell’s equations in differential form. Maxwell’s

equations are very important in plasma physics because, as can be seen in his equations,

electric and magnetic fields develop from static electric charge (stationary ions or elec-

trons) and collectively moving electric charges (currents) respectively. Since a plasma is

composed of an ionized gas, any collective effect where there is charge accumulation of a

single species of net currents of a single species within the plasma, electric and magnetic

fields will develop. In the following sections, we will use the Vlasov moments in addition

to Maxwell’s equations to start to get an idea of some of the interesting behaviors that

come about from an ionized gas.

2.1.3 Debye Shielding

Debye shielding is one of the most basic behaviors of a plasma. It is an effect

seen in plasmas where the positive and negative charges in the plasma gas tend to shield

out each other’s electrical charge. To put this more mathematically, we start by thinking

about the electric field of some point source with charge qT within a plasma consisting

of electrons and ions.

ET = −∇φT =
qT
r2

(2.13)

We notice the 1/r2 scaling of the electric field. This feature is a simple result of

the fact that, an electron for example, is a point source in a three dimensional system and

hence its flux reduces by r2 as you increase your separation distance, r. Now, turning

back to Debye shielding. We call it ‘shielding’ because, experimentally, a scientist would

see an enhancement in the rate at which the signal reduces beyond the 1/r2 scaling.
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Something is ‘blocking’ the electric field from our test particle. To find out why this is

happening and to derive the scale-length of this shielding process, we start by assuming

quasi-neutrality, also known as Poisson’s equation:

∇2φT = −4πe(ne − ni) (2.14)

We then assume ions do not move. What we are really assuming here is that ions

move ∼ 2000 times slower because they are ∼ 2000 times heavier. With the ions not

moving, we additionally assume that they are evenly distributed with a density equal to

the electron density infinitely far from our ‘test particle’ with charge qT . We also assume

that our electrons are in thermal equilibrium with each other but not with the ions. It

is mutually exclusive to assume static ions and thermal equilibrium between electrons

and ions because thermal equilibrium in the ions would inherently require movement.

By assuming thermal equilibrium in the electrons, we can write the electron

equation of motion neglecting collisions and the inertial term because the electrons have

‘thermalized’:

me
∂u

∂t
= −eE− 1

ne
∇Pe = 0

Re-writing the electric field, E, in terms of the electric potential, φ, and re-writing the

pressure, Pe, in terms of temperature and density, where Pe = neTe and Te is already

assumed to be constant, we get the following relation:

e∇φT =
∇ne
ne

Te (2.15)

This equation is in ‘steady-state’ because of the neglected inertial term meaning

the force terms balance one another. In this case we can solve eq. 2.15 for the steady-

state Boltzmann distribution and get:

ne = noexp

(
qφT
Te

)
(2.16)

Plugging eq. 2.16 into Poisson’s equation (2.14), we get:

∇2φT = 4πeno

[
exp

(
eφT
Te

)
− 1

]
(2.17)

Where we have assumed the ions have a uniform density (ni = no) equal to

the electron density at large distances from the ‘test’ charge. As it stands, eq. 2.17 is
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Figure 2.2: Debye shielding of an electric potential. Electric potential from a test
charge, qT in vacuum (blue) and submerged in a plasma (red) with a plasma Debye
length equal to one in the arbitrary unit system given.

nonlinear in φT and therefore must be solved in a special way. In our case, we choose

to take a Taylor expansion on our nonlinear function and discard higher order terms. In

other words, we only keep terms that play the most dominant role in the function. The

generalized form of the Taylor series expansion is as follows:

F (a) =
∞∑
x=0

(x− a)n

n!

∂n

∂xn
F (x = a) (2.18)

Invoking the Taylor series expansion of eq. 2.17 to second order, for reference, but

actually only keeping terms to first order:

∇2φT = 4πeno

[
1 +

eφT
Te

+
1

2

(
eφT
Te

)2

− 1

]

Neglecting the second order term, our equation becomes a simple second order differ-
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ential equation as follows:

∇2φT = 4πeno

[
eφT
Te

]
(2.19)

Assuming a solution to this O.D.E. of the form:

φT = φoe
−x/λD

We get the scale length for the shielding of a given charged particle submerged in a

plasma:

λD =

√
Te

4πe2no
(2.20)

Simply put, this value tells us the spatial rate that the electric potential from

our test particle reduces beyond the nominal 1/r scaling for electric potential at a faster

rate with r. This can be seen in figure 2.2 showing both the electric potential in vacuum,

where the potential decays at its normal spatial rate, and submerged in a plasma, where

other ionized particles are flying around the test charge in such a way that the cumulative

effect is that its potential is screened out more rapidly.

2.1.4 Plasma Frequency

The plasma frequency is the most fundamental timescale in plasma physics. It

is also critically important in Fast Ignition because, as will be shown later, it defines the

maximum penetration depth that a laser can propagate into a plasma. Essentially, the

plasma frequency is the reason for pre-formed plasma generation within a cone having

detrimental effects on the efficient transport of electrons to a compressed fuel core. The

plasma frequency, also known as a Langmuir wave was discovered by Irving Langmuir. It

is an electrostatic oscillation frequency as a result of minute variations in the separation

of the charged particles making up a plasma. To calculate the plasma frequency, we first

start with a physical picture behind the plasma frequency. Here, we assume the ions

within the plasma are fixed. This is a very reasonable approximation given that the ions

are ∼ 2000× heavier than the electrons. We then imagine that the electrons are slightly

displaced from their equilibrium positions within the plasma. When this happens, an

electric field develops which acts to restore the electrons to their equilibrium positions.

But, by the time the electrons have been pulled back to their equilibrium positions, they

have acquired a velocity from the electric field and since the electric field is zero at the
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equilibrium position, there is nothing to stop electrons from shooting past. As a result,

an oscillation develops. To describe this mathematically, we start by making a few more

approximations to simplify the math without really affecting the desired result. First, we

assume there are no magnetic fields. The plasma frequency phenomenon is electrostatic

by its very nature so this should, in no way, change the outcome. We assume the plasma

is cold (Te,i = 0) making the wave vector zero and allowing the plasma frequency to

behave purely as an oscillation rather than a propagating wave. We assume the size of

the plasma is infinitely large so the boundary conditions do not play a role in the final

outcome, and we assume the problem is one-dimensional just to make the math more

simple.

The continuity equation and equation of motion, derived in section 2.1.1 are used

as the starting point and are redefined here as follows:

∂ne
∂t

+∇ · (neve) = 0 (2.21)

mne

(
∂ve

∂t
+ (ve · ∇)ve

)
= −eneE (2.22)

Additionally, Guass’ law from section 2.1.2 is used, invoking the quasineutrality principle:

∇ ·E = 4πe(ni − ne) (2.23)

We then use perturbation theory to break down the above equations by assuming the

density, velocity, and electric field can all be defined as having a main, first order DC

component having subscript ‘0’ and a much smaller in amplitude, second order oscillating

component denoted by subscript ‘1’.

n = n0 + n1 (2.24)

v = v0 + v1 (2.25)

E = E0 + E1 (2.26)

Applying our previously made assumptions:

∇n0 = v0 = E0 = 0 (2.27)

∂n0

∂t
=
∂v0

∂t
=
∂E0

∂t
= 0 (2.28)
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If we assume the product of two second order effects to be small, our starting equations

take the following form:
∂n1

∂t
+ n0∇v1 = 0 (2.29)

m
∂v1

∂t
= −eE1 (2.30)

∇ ·E1 = −4πen1 (2.31)

If we assume the oscillatory solutions to the above equations, we can replace the deriva-

tives as ∂/∂t → ω and ∇ → k where ω is the oscillation frequency and k is the wave

number. Solving for ω using equations 2.29 - 2.31 we get the plasma frequency:

ωp =

√
4πnee2

m
(2.32)

The plasma frequency has some very interesting features. First, as can be seen

in equation 2.32, all the terms are constants except for one, the electron density, ne.

The base frequency that a plasma oscillates is only dependent on its density then. An

interesting feature to know is how the plasma frequency relates to the Debye length.

Recall that the thermal velocity of an electron within a plasma is vT =
√
T/m.

λ2
D =

T

4πe2ne
=
T

m

m

4πe2ne
=
v2
T

ω2
p

(2.33)

The Debye length and the plasma frequency, as it turns out, set up some of the

requirements for a plasma to truly be a plasma. For example, if we have a plasma of

total length, L, and the Debye length is greater than L, what this means is the electrons

with velocity vT will be traveling too fast and ultimately leave the plasma before one

plasma period, ω−1
p . In other words, vT /ωp must be much smaller than the size of the

plasma. In the next section we will use these two fundamental parameters to begin to

understand what happens when a laser interacts with a plasma.

2.2 Laser-Plasma Interaction

With some of the basic plasma physics properties outlined in the previous section,

we now turn to the interaction of electromagnetic waves with plasmas. To start, we will

look at how Maxwell’s equations result in the propagation of electromagentic waves with

oscillating electric and magnetic field, simultaneously perpendicular to one another and
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to the direction of propagation. We then turn to the most simple problem relating to

electromagnetic waves interacting with a plasma, the treatment of a single electron in an

electromagnetic field and move on to more involved phenomena relating to the physics

behind electron Fast Ignition.

2.2.1 Electromagnetic Radiation in Vacuum

Electromagnetic radiation is a wave of electric and magnetic disturbances of a

continuous medium that propagates with a fixed velocity depending on the medium it

is traveling through. An electromagnetic wave is a wave that fluctuates in both space

and time. Unlike other waves existing in nature, electromagnetic waves do not need an

explicit “medium” to travel through. In a vacuum, there are no charged particles nor

currents. By removing them from Maxwell’s equations 2.9 and 2.11, we get the vacuum

form of his equations as follows:

∇ ·E = 0 (2.34)

∇ ·B = 0 (2.35)

∇×E = −1

c

∂B

∂t
(2.36)

∇×B =
1

c

∂E

∂t
(2.37)

With nonzero solutions to equations 2.36 and 2.37 (thanks to Maxwell’s addition

to Ampère’s law), we can solve for a wave equation even without the presence of static

or moving charges. To do this, we first note that equations 2.36 and 2.37 are first order,

coupled differential equations. To decouple first order, coupled differential equations, we

must convert them to second order partial differential equations as follows (using the

vector identity ∇×∇× F = ∇(∇ · F)−∇2F):

∇×∇×E = ���
��∇(∇ ·E) −∇2E = −1

c
∇× ∂B

∂t
= − 1

c2

∂2E

∂t2
(2.38)
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Figure 2.3: 3D view of electromagnetic radiation. Electric field, E is in blue and the
magnetic field, B is in red, both simultaneously perpendicular to one another and the
direction of propagation.

Repeating the above process for the magnetic field and solving:

∇2E =
1

c2

∂2E

∂t2
(2.39)

∇2B =
1

c2

∂2B

∂t2
(2.40)

Assuming oscillatory solutions as was done earlier in this chapter where ∂/∂t → ω and

∇ → k a wave equation for both E and B with wave velocity, ω/k = c.

E = E0e
i(k·r−ωt) (2.41)

B = B0e
i(k·r−ωt) (2.42)

Looking at either Ampère’s law or Faraday’s law, the curl of E or B respectively, coun-

tered with the time derivative of the opposing field on the right hand side means that

the electric and magnetic fields must be perpendicular to one another:

B =
1

c
k̂×E (2.43)
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The result of this can be seen in figure 2.3 with the wave traveling sinusoidally at

the speed of light, c, with wavelength 2π/k and both the electric field and the magnetic

field perpendicular to one another and perpendicular to the direction of propagation.

It is this electric and magnetic structure that will be interacting with our plasma in

the following sections with an energy flux entering the plasma scaling as E × B. It is

this energy flux, from a high intensity laser that we are trying to couple to electrons,

accelerating them towards the ignition hot spot to initiate a thermonuclear burn in our

D-T fuel.

Classical Gauge Theory

With electric and magnetic fields, as described in Maxwell’s equations, it is some-

times easier to express them in terms of both scalar of vector potentials. What we mean

by this is that any vector, F can be represented as the gradient of some scalar quantity,

φ and curl of some other vector quantity, A in the form, F = ∇φ+∇×A. We can call

these quantities, φ and A, potentials. In our case, these potentials must have a temporal

dependence. Now, a magnetic field, for example, is a vector that has zero divergence,

∇ ·B = 0. What this means is that, whatever the magnetic field might be, it must be

equal to the curl of some vector and only the curl, since its divergence is zero. Therefore,

B = ∇×A (2.44)

Using this, we can solve for the electric field in terms of our potentials. Plugging into

Faraday’s law we get:

∇×E = − ∂

∂t
∇×A→ ∇×

(
E +

∂A

∂t

)
= 0 (2.45)

Since the curl of any gradient is equal to zero, ∇×∇φ = 0, we can remove the curl on

the left hand side and change the zero of the right hand side to the gradient of some

scalar and solve for E.

E = −∇φ− ∂A

∂t
(2.46)

This change of notation for representing E and B is very helpful, because, the

values of the potentials can be modified in certain ways (so long as the values for E and

B don’t change) to make problem solving much easier. For example, if we change the



34

value of A such that A→ A +∇f , the curl of A will still be the same as before because

the curl of any gradient of a scalar is always zero, ∇ × ∇f = 0. And for the scalar

potential, φ, we can add any constant value such that φ→ φ+C because the spatial or

temporal derivative of a constant is always zero.

In the next section, the electric and magnetic fields will be expressed as scalar

and vector potentials and it should become clear why this representation is so helpful.

2.2.2 Single Electron in an Electromagnetic Wave

We start this section with a little background on mechanics to better understand

the tools used in calculating the motion of particles in the presence of potentials and

fields.

The Principle of Least Action

The Principle of Least Action is a principle governing the action of all particles

in nature. The action, S, of a particle is defined as the path integral of the kinetic energy

minus the potential energy of a particle along some path from one point in space and

time (let’s call this point, A) to another point in space and time (let’s call this point,

B). Mathematically, this can be described as follows:

S =

∫ B

A
(KE − PE)dt (2.47)

The Principle of Least Action says that the real (physical) path that a particle

will take in nature is the one that minimizes the action, S. We can see this in figure

2.4 where we see two paths going from point A to point B in time. The path that a

particle will take is the blue line (out of the two options in this example) because the path

integral of the kinetic energy minus the potential energy in the blue path is smaller than

that of the green path. Since the kinetic and potential energies of particles invariably

depend on their positions and velocities within a potential field, we can rewrite the terms

inside the integral from equation 2.50 simply as L(x, ẋ, t), where the dot above the x

corresponds to a derivative with respect to time (velocity). Mathematically, we can

express the Principle of Least Action using equation 2.50 and our new term representing

the difference between the kinetic and potential energy, L(x, ẋ, t), as follows:
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Figure 2.4: Comparison of two paths with different action. Each path from point A to
point B has different actions, S. The blue line being the path that minimizes the action
while the green line has some action value higher than the blue. The variance between
the minimum path and some other path is denoted δx.

S =

∫ B

A
L(x, ẋ, t)dt = 0 (2.48)

Where L is called the Lagrangian. In figure 2.4, we have the variable, δx, which

corresponds to the difference between the two paths at every instant going from point

A to point B. Applying some boundary conditions for this problem, we can say that δx

must be zero at point A and point B because the problem is inherently talking about

two different paths starting at the same point and ending at the same point. If the blue

line in figure 2.4 is the best possible path, then the action is minimized in the limit as

δx, δẋ→ 0. This can be expressed mathematically as:

∫ B

A
L(x + δx, ẋ + δẋ, t)dt−

∫ B

A
L(x, ẋ, t)dt→ 0 (2.49)

Which can be rewritten as:

δS = δ

∫ B

A
L(x, ẋ, t)dt = 0 (2.50)
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Using calculus, we can rewrite the differential form of L, in terms of the partial derivatives

of its constituent parts, namely x and ẋ.

δS =

∫ B

A

(
∂L

∂x
δx +

∂L

∂ẋ
δẋ

)
dt = 0 (2.51)

∂

∂t

[
∂L

∂ẋ
δx

]
=
∂L

∂ẋ

∂

∂t
δx +

∂

∂t

∂L

∂ẋ
δx (2.52)

Noting that ∂δx/∂t = δẋ, we can solve for the first term on the right hand side of

equation 2.52 and plug that into equation 2.51

δS =

[
∂L

∂ẋ
δx

]B
A

+

∫ B

A

(
∂L

∂x
− ∂

∂t

∂L

∂ẋ

)
δxdt = 0 (2.53)

The first term on the right hand side of equation 2.53 must be zero because, as

stated previously, the values of x and ẋ must equal zero at points A and B because the

two path choices both originate from point A and end at point B. As for the second term

on the right hand side, we have an integral that must equal zero. Fortunately there is

only one function that, when integrated, is equal to zero and that is zero itself. We can

then write the contents of the integral as follows:

∂L

∂x
− ∂

∂t

∂L

∂ẋ
= 0 (2.54)

Equation 2.54 defines the equation of motion that a particle must take in order

to satisfy the principle of least action and is a very powerful tool that we will use in the

following sections remembering that the Lagrangian, L, is equal to the kinetic energy of

a particle minus the potential energy of the particle. With this equation, we derive the

equation of motion of any particle that is being acted upon by some potential field.

Free-Particle Energy and Momentum

Here, we use the Lagrangian and the Lagrange equation of motion to define the

energy and momentum of a free particle (ie. one that has no external potential field being

applied to it). First, we must define our Lagrangian for this free particle. Recall that

the Lagrangian is the difference between the kinetic and potential energies of a particle.

But, also note that the action integral, which the Lagrangian is a part of, is invariant

under gauge transformations. What this means is that the particle may have a velocity,

v, which would classically correspond to a kinetic energy, mv2/2, in one inertial frame,
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but it might have zero velocity in another inertial frame. What velocity should we use,

and how could this result in the gauge invariance of the action integral? Let’s start by

taking the reference frame of the free particle denoted by primes (t′). The action integral,

in this case, must then only be a constant value which we will call α. This might seem

odd, afterall, the particle does have some nonzero kinetic energy with a different choice

of reference frame, but the reason for this peculiarity lies in the potential energy (or lack

thereof). If the particle did have a potential field acting on it, then depending on the

choice of gauge (inertial frame), the total kinetic and potential energy (integrated along

the path traveled by the particle) will change but the difference between the two will

remain constant and hence gauge invariant. We can therefore write the action integral

for a free particle in its own inertial frame as:

S = −α
∫ B

A
dt′ (2.55)

We can then rewrite equation 2.55 in some arbitrary reference frame (t) by invoking the

Lorentz factor where dt′ → dt/γ:

S = −α
∫ B

A

√
1− v2

c2
dt (2.56)

We can now solve for α by noting that the Lagrangian should resort back to the classical

value of mv2/2 in the limit that the velocity of propagation of interaction, c, goes to

infinity. Taylor expanding the Lagrangian over v in the limit that v � c, we get:

L = −α
√

1− v2

c2
≈ −α+

αv2

2c2
(2.57)

Neglecting the constant, zeroth order term from the expansion because it will disappear

within the action integral, we see that α must be equal to mc2. With this, we can now

rewrite the action integral in its complete form:

S = −mc2

∫ B

A

√
1− v2

c2
dt (2.58)

With equation 2.58 we can now calculate the free-particle canonical momentum

and energy. We first recall the gauge invariance of the action. With this invariance, we

know that any reference frame can be used when solving the action integral. As such,

the choice time is also arbitrary. Changing the starting time from t to t + t0, will only
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alter the action integral by some constant value. This isotropy in time of the action

integral can be expressed mathematically as follows:

S(x,x, t) = W (x, ẋ) + α · t (2.59)

Where α is being used, similar to the previous section, as some arbitrary constant.

Because of this, the Lagrangian, for a closed system, has no explicit dependence on time,

which can be seen mathematically by taking the time derivative of equation 2.60:

L(x,x, t) =
d

dt
W (x, ẋ) + α (2.60)

The total time derivative of the Lagrangian must be zero as follows:

d

dt
L(x, ẋ, t) =

∂L

∂x
ẋ +

∂L

∂ẋ
ẍ =

d

dt

(
ẋ
∂L

∂ẋ

)
= 0 (2.61)

With the time derivative of the Lagrangian being equal to zero, the Lagrange equation

of motion itself is then equal to some constant value which we call the energy, E :

d

dt

(
ẋ
∂L

∂ẋ
− L(x, ẋ, t)

)
= 0→ E = ẋ

∂L

∂ẋ
− L(x, ẋ, t) (2.62)

In addition to the isotropy of time, there is another constant of the motion which

can be derived by assuming that space is homogeneous within an inertial frame. What

this means is that a Lagrangian should not be altered if the entire system was shifted in

space by some value, ∆x. This value, ∆x is not being used in the same way as it has

been in previous sections. The value, ∆x, here is a constant value length (no explicit or

implicit time dependence), rather than some differentiable quantity. What this means

is that it has no time derivative, and its value is nonzero (otherwise this example would

have no meaning). With this we find the change in the Lagrangian function due to a

shift in the position of the system is as follows:

∆L =
∂L

∂x
·∆x +

∂L

∂ẋ
·∆ẋ = 0 (2.63)

But, the second term on the right hand side must be zero because ∆x has no

explicit or implicit time dependence. Additionally, since the ∆x term must have some

nonzero value1, the only way for the Lagrangian to remain unchanged over a shift in

1In theory, a value of zero is possible.
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position, ∆L = 0, is if ∂L/∂x = 0. Now, in this scenario, with the spatial derivative of

the Lagrangian being zero, we see that the Lagrange equation of motion takes the form:

d

dt

∂L

∂ẋ
= 0→ P =

∂L

∂ẋ
(2.64)

We can now calculate the value of the energy and momentum of a free particle

by taking the Lagrange function from equation 2.58 and applying it to the result from

equations 2.62 and 2.64 respectively, where the energy is:

E = P · v − L = γmc2 (2.65)

and momentum as:

P = γmv (2.66)

Now that we have a basic idea of the energy and momentum of a free particle, we can

start to look at the behavior of charged particles within electric and magnetic potential

fields.

Particle Action Within an Electromagnetic Wave

We now turn to the case where some sort of potential field is present for the

particle. The potential must be some quantity that has a spatial and temporal compo-

nent. With this we can express our potential, whatever it might be, as a four-vector,

Ai = (A0, A1, A2, A3), where the zeroth term is the temporal component and is expressed

as a scalar quantity, A0 = φ while the rest of the terms correspond to the three spatial

terms and is represented as a three-dimensional vector, A. The differential terms for the

potential in the action can then be written:

e

c
Aidx

i =
e

c

[
φcdt+A1dx

1 +A2dx
2 +A3dx

3
]

= eφdt+
e

c
A · dx (2.67)

The e in equation 2.67 is necessary because the particle needs to have some

inherent feature that it uses to interact with the field. In this case, it is the particle’s

charge, e, that it uses to interact with the field, Ai. The 1/c in the second term on the

right hand side was added a priori, but could be derived if we had started with some

generic constant, α as in the previous section solving for the potential in the classical
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limit. The action integral for a charged particle within a field is then:

S = −
∫ B

A

[
1

γ
mc2 +

e

c
A · v − eφ

]
dt (2.68)

Where dx has been replaced with vdt. The canonical momentum and energy can then

be calculated using the Lagrangian within equation 2.68. For the canonical momentum,

we have:

P =
∂L

∂v
= γmv +

e

c
A (2.69)

And for the energy:

E = v · ∂L
∂v
− L = γmc2 + eφ (2.70)

Additionally, we can now use the Lagrangian to find the equation of motion of a particle

in a potential field. Rewriting the Lagrange equation of motion:

d

dt

∂

∂v

[
1

γ
mc2 +

e

c
A · v − eφ

]
=

∂

∂x

[
1

γ
mc2 +

e

c
A · v − eφ

]
(2.71)

The right hand side then becomes:

∂

∂x

[
1

γ
mc2 +

e

c
A · v − eφ

]
=
e

c
∇(A · v)− e∇φ (2.72)

Using the following vector identity we can rewrite the first term on the right hand side

of equation 2.72

∇(F ·G) = (F · ∇)G + (G · ∇)F + G× (∇× F) + F× (∇×G) (2.73)

Remembering that the spatial derivative is carried out over constant velocity we have:

d

dt
P =

e

c
[���

��(A · ∇)v + (v · ∇)A + v × (∇×A) +((((
(((A× (∇× v)]− e∇φ (2.74)

Rewriting the canonical momentum in terms of the regular momentum on the left hand

side we have:

d

dt
P =

d

dt

[
p +

e

c
A
]

=
e

c
[(v · ∇)A + v × (∇×A)]− e∇φ (2.75)

And noting that a full time derivative with time corresponds to a change in the quantify

with time at fixed position as well as a change in the quantity as it travels with some
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Figure 2.5: Path of an electron within an electromagnetic wave.

velocity:
dF

dt
=
∂F

∂t
+ (v · ∇)F (2.76)

Here we have the equation of motion for a particle within an electric and magnetic field

expressed in terms of the vector potential.

dp

dt
= −e

c

∂A

∂t
− e∇φ+

e

c
v ×∇×A (2.77)

Recalling from the section on gauge invariance, we know that the magnetic field, lacking

a divergence, can be expressed as the curl of some vector potential, ∇ ×A. And con-

sequently, the electric field can be expressed as −∂A/c∂t−∇φ Our equation of motion

for a particle within an electric and magnetic field is then:

dp

dt
= −e(E +

v

c
×B) (2.78)

Equation 2.78 is the equation of motion for a particle in an electric and magnetic

field, represented in terms of the electric field and magnetic field. In cgs units, the

electric and magnetic fields have the same units and magnitude. One interesting thing

that can be seen from this equation is that the force from the magnetic field is much

weaker than the electric field when the particle velocities are much less than the speed of
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light, v� c. If the electric and magnetic fields correspond to electromagnetic radiation

where the fields are oscillating in time such that, E = E0 sinωt and B = B0 sinωt, we

can calculate the particle velocity. We start by assuming the particle velocity is small

and therefore neglect the magnetic field term in the equation of motion.

dp

dt
= −eE0 sin(ωt) (2.79)

∫
dp = −e

∫
E0 sin(ωt)dt (2.80)

v = −eE0

mω
cos(ωt) (2.81)

The oscillation amplitude of the particle velocity is then vos = eE0/mω. Nor-

malizing this velocity to the speed of light we get what is called, a0, which is a term

describing how relativistic the motion is (ie. how much the magnetic field will play a

role in the electron action).

a0 =
v

c
= − eE0

mcω
(2.82)

Figure 2.5 shows the path that an electron would take in space for varying values

of a0 including the relativistic threshold value of a0 = 1. What we can see is that

the “figure 8” pattern becomes more and more dominant as a0 increases. This is a

very important feature of the electron motion and will prove to be quite helpful in the

acceleration of electrons in high intensity lasers used for Fast Ignition. Note that the

orientation of the figure 8 is along the laser axis with the direction of the electron velocity

(using the left hand rule for electrons) in the same direction of the laser at the top and

bottom of its path.

We can now calculate what laser irradiance would be necessary to produce an a0

value of 1. To do this, we solve for the electric field in equation 2.82 assuming a0 = 1.

E0 =
mcω

e
(2.83)

The laser irradiance can be calculated from the electric field as follows:

IL =
cE2

0

8π
=
m2c3ω2

8πe2
=
m2c3

4e2
λ−2
L = 1.37× 1018 W/cm2 (2.84)
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This is the laser irradiance corresponding to an a0 of 1 which is the point where the

magnetic field term in the Lorentz force equation can no longer be neglected.

2.2.3 Electromagnetic Wave Propagation in Plasma

Homogeneous Plasma

We start with Maxwell’s equation (2.9 - 2.12) and decouple the two first order

partial differential equations as was done in equation 2.38, except this time we include

the terms corresponding to static and moving charges, (ρ, J). Recalling that the previous

solution for an electromagnetic wave in vacuum was ω/k = c after eliminating E, we now

find that the second order decoupled differential equation is slightly more complicated,

thanks to the additional terms.

∇2E =
ω2

c2

(
1−

ω2
p

ω2

)
E =

ω2

c2
εE (2.85)

Where ε = 1−ω2
p/ω

2 is the dielectric function of the plasma. From equation 2.85,

we can see that an electromagnetic wave will propagate in a plasma with wave vector,

k2 = εω2/c2, but, notice that the wave vector goes to zero when the laser frequency, ω, is

equal to the plasma frequency, ωp. Evidently, an electromagnetic wave cannot propagate

in plasmas when they are too dense. We can see this mathematically by setting the laser

frequency equal to the plasma frequency and solving for the electron density, noting that

the electron density is the only free parameter within the plasma frequency.

nc =
ω2m

4πe2
= 1.1× 1021/λ2

µm cm−3 (2.86)

The critical density is the density at which point an electromagnetic wave can no

longer propagate. For one micron laser light, this corresponds to 1.1× 1021 cm−3 which

is actually quite low. For example, typical solid densities of materials is on the order of

1023 cm−3, and the densities required for Fast Ignition are close to 1026 cm−3.

In the process of electromagnetic waves interacting with plasmas (see section 2.2),

there are almost always gradients in the density which requires a much more thorough

treatment to calculate the behavior of the electromagnetic field propagation.
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Figure 2.6: EM Wave propagation in an inhomogeneous plasma. Spatial intensity
profile in an underdense plasma gradient then reaching the critical density and becoming
evanescent.

Inhomogeneous Plasma - WKB Approximation

In an inhomogeneous plasma, the situation is more complicated. Here, we con-

sider an electromagnetic wave propagating with its wave vector parallel to a plasma

density gradient, k ‖ ∇ne along the x-axis. As was seen in equation 2.86, the wave

vector magnitude depends on the plasma density, which inherently changes the solution

to the differential equation, 2.85. The solution, which was originally, E = E0 exp(ikx),

now must be integrated along the x-axis.

kx→
∫
k(x)dx (2.87)

To start, we assume that the wave vector can be represented as a function of

its free-space form, ω/c, and some other function of x, where k(x) = ωψ(x)/c. We now

assume a solution of the form:

E = E0 exp

(
i
ω

c

∫
ψ(x)dx

)
(2.88)
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Taking the second derivative:

d2E

dx2
=
[
E′′0 + 2i

ω

c
ψE′0 + i

ω

c
ψ′E0 −

ω

c
ψ2E0

]
ei
ω
c

∫
ψ(x)dx (2.89)

Now, in order to solve this problem, we must make some approximations. First, we can

assume that our plasma density gradient is small. By small we mean that the increase in

density over one laser wavelength is small, 1/λ � ∇ne/ne. Plugging this into equation

2.85, we get:

E′′0 + 2i
ω

c
ψE′0 + i

ω

c
ψ′E0 −

ω

c
ψ2E0 +

ω2

c2
εE0 = 0 (2.90)

Where ψ is then:

ψ =
1√
ε

(2.91)

The electric field amplitude can then be written in terms of the electric field amplitude

in free space as follows:

E0 =
EFS
ε1/4

(2.92)

We know energy must be conserved in the wave, but we also know that the wave vector

is reducing as it goes into denser and denser plasma. Relating the free-space energy flux

to the energy flux of the wave propagating in a plasma we see that the electric field

amplitude must increase as the electron density increases.

cεE2
0

8π
=
cE2

FS

8π
(2.93)

This result can be seen in figure 2.8 where the electric field amplitude increases beyond

the free-space electric field amplitude until the wave reaches the critical density where

the wave then becomes evanescent.

2.2.4 The Ponderomotive Force

The ponderomotive force is a force that an electron will feel in the presence of

a high frequency electric field that is spatially varying. This force does not necessarily

need a magnetic field to be present. We start by considering the motion of an electron in

a spatially uniform, high frequency electric field, E(t) = E0 cos(ωt). As was seen in the

previous section, this electron will develop an oscillation velocity, vos = eE0/mω, and an

oscillation position, xos = eE0/mω
2, with a maximum displacement from its origin of δx.
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Figure 2.7: Non-relativistic effect of the ponderomotive potential on a free electron.
Path of an electron in an electric field oscillating in time. a) spatially uniform electric
field. b) spatially varying electric field.

If the starting point is xos(t = 0) = 0, this electron will continue to oscillate around the

point x = 0 indefinitely because the force exerted on it by the electric field is equal and

opposite with each half cycle of its period. In other words, there is no cycle-averaged net

force on the electron. But, what happens when there is a spatial variance in the electric

field? In other words, an electron with starting position xos(t = 0) = 0 feels an electric

field, E0 at position x = 0, but when the electron reaches a position, xos = δx, the

electric field has some value E(x = δx) < E0. The result is the force that the electron

feels from the electric field while at position, xos = δx, will not be strong enough to

return the electron back to xos = 0. This is somewhat of a generalization as the electron

can conceivably return to xos = 0, but the point here is that, without a balanced electric

field over a cycle, the guiding center of the electron, x0 will not be constant. Looking at

this quantitatively following the methodologies outlined in [39], we start by looking at

the force equation of an electric field on an electron.

mẍ = −eE = −eE0(x) cosωt (2.94)

Now, the electron is still oscillating back and forth in a time varying electric field

which means, that even though its guiding center is moving, its overall position can be
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broken up into the oscillatory component, x1 and the guiding center component, x0. We

can then plug x = x0 + x1 into our force equation and Taylor expand over the guiding

center position.

m(ẍ0 + ẍ1) = −e
[
E0 + x1

∂E0

∂x

]
cosωt (2.95)

The acceleration associated with the ponderomotive force is the acceleration of

the guiding center, ẍ0 seen in equation 2.95. Unfortunately, equation 2.95 has two un-

known variables which need to be solved for, ẍ0 and ẍ1. But, implementing boundary

conditions into the equation, we can increase it from one equation to two, linearly in-

dependent equations. First, we average over one cycle, τ . Since x1 is the oscillatory

term, we can assume that the changes in guiding center are small over one cycle making

〈x1〉τ = 0. Additionally (and along the same line of reasoning), we can assume the

electric field varies slowing spatially meaning 〈E0〉τ = 0. With this, we get our first of

two equations:

mẍ0 = −e∂E0

∂x
〈x1 cosωt〉τ (2.96)

We can then extract our second linearly independent equation by recognizing

that ẍ1 � ẍ0, because x1 corresponds to the high frequency oscillating component of x.

Additionally, the first term in a Taylor series is of order O(1) while the second term is

of order O(2), meaning E0 � x1∂E0/∂x making the second equation:

ẍ1 = − e

m
E0 cosωt (2.97)

Solving for ẍ0 using these two new equations and simplifying we get the force on an

electron due to spatial variance in the electric field, the ponderomotive force.

Fp = − e2

4πω2
∇E2

0 (2.98)

The implication of this force is that the natural gradient in the electric field will tend to

push electrons out of the laser field.
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2.2.5 Self Focusing

Self focusing is a consequence of the ponderomotive force. Because the pondero-

motive force pushes electrons away from electric field gradients which, in turn, causes

a reduction in the electron density in regions of higher electric field. We know from

our dielectric function ε = 1 − ne/nc (ie. nrefrac =
√
ε) that our refractive index will

increase in those regions of lower electron density which will cause the electromagnetic

wave (ie. the laser beam) to “bend” towards the regions of higher ε which then increases

the electric field in that region causing the electric field gradient to increase which then

causes the electron density gradient to increase, and thus a vicious cycle, positive feed-

back mechanism ensues. This process can be quantified mathematically by starting with

the equation of motion. To look at the first point in the positive feedback mechanism, we

start with the steady-state form, meaning the electron pressure that has built up from

the ponderomotive force has now reached equilibrium.

0 = −1

2

ω2
p

ω2
∇E2 −∇P (2.99)

Where the first term on the right-hand-side is the ponderomotive force as it applies to

fluid of electrons with density, ne. If we then assume the pressure behaves adiabatically

we have:
1

2

ne
nc
∇E

2

8π
= −γTe∇ne (2.100)

With the ponderomotive force causing a reduction in the electron density, the dielectric

function increases.

2.3 Laser Absorption Mechanisms

As stated previously, electromagnetic radiation carries energy. The amount of

energy that it carries as a function of time per unit area is called the Poynting flux, name

after John Henry Poynting and is described by the cycled-averaged curl of the electric

and magnetic field as follows:

S =
c

4π
〈E×B〉 (2.101)

We now have the power per unit area that an electromagnetic wave (a laser in

this case) would produce, impinging on a plasma. How, then, do we transfer this energy
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Figure 2.8: Electron velocity within a Gaussian laser pulse.

to the plasma? Looking at figure 2.8, we see the velocity that an electron acquires when

submerged in an electromagnetic field that is pulsed in shape. In other words, this field

turns on at some point in time and then turns off at some time later. The result of this

particular situation is that there is no net gain in energy. The electron simply oscillates

back and forth with the electric field, gaining a significant amount of energy in one half

cycle, but then getting that exact amount of energy taken away, back to the field. Clearly

an electromagnetic field by itself is not sufficient to deposit its energy to the plasma.

In the following sections we will discuss some of the various methods that an

electromagnetic field can deposit energy to a plasma, but they all share a common

theme. They all require electrons to gain energy in the electromagnetic field in one half

cycle, and then somehow find a way to “dephase” from the electric field before losing

their energy back to the field. The types of dephasing are the subjects of the following

sections.

2.3.1 Inverse Bremsstrahlung Absorption

Left on their own in an electric field, electrons will simply oscillate back and

forth in the electric field of the laser with no cycle-averaged net gain in energy. When

the laser turns off, the electrons will have the exact same energy that they had prior

to the laser’s arrival. But, within a half cycle of an electromagnetic wave, the electrons
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Figure 2.9: Inverse bremsstrahlung absorption. Oscillating electron position within a a
time-varying electric field undergoes a collision with an ion which dephases the electron
from the electric field allowing it to have a net energy gain from the field.

actually gain quite a bit of energy. If the electric field is EL = E0 exp(ikx − iωt),

then the energy density available to the electrons in the laser field is E2/8π. What we

need is a mechanism to dephase the electrons within the electric field such that they

leave the electric field with some amount of energy they acquired during one half cycle

before giving the energy back to the field during the next half cycle where the polarity

has shifted. The solution, as can be seen in figure 2.9, is electron-ion collisions. With

collisions, an electron can gain a significant amount of the electric field energy in one

half cycle and then, collide with an ion giving its energy up to the ion rather than back

to the field. Following the derivations from [40] and [41], we start with the equation of

motion for an electron in an electric field. This time, the equation of motion includes

the collisional term νei.
∂ve
∂t

= − e

m
E− νeive (2.102)

Where:

νei =
4

3
(2π)1/2)

neZe
4

m2
ev

3
ln Λ (2.103)
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Assuming oscillatory motion of the electron velocity, we linearize equation 2.102 and

solve for the electron velocity.

ve = − ie

m(ωL + iνei)
E (2.104)

We can now use the fact that the current is J = σE = −eneve

J = σE =
inee

2

m(ωL + iνei)
E =

iω2
p

4πm(ωL + iνei)
E (2.105)

We then plug J into Maxwell’s equations by decoupling the electric and magnetic terms

in Ampere’s and Faraday’s law combining the two into a second order partial differential

equation.

∇×E = −1

c

∂B

∂t
(2.106)

∇×B =
4π

c
J +

1

c

∂E

∂t
(2.107)

∇×∇×E = −1

c

∂

∂t
∇×B = −1

c

∂

∂t

(
4π

c
J +

1

c

∂E

∂t

)
(2.108)

And assuming oscillatory solutions where ∂/∂t→ ω and ∇ → k and also plugging in for

J in terms of E.

k2E = −ωL
c

(
iω2
p

4πm(ωL + iνei)
E− ωL

c2
E

)
(2.109)

Removing E which now occurs in all three terms we get the dispersion relation for a

collisionally damped electromagnetic field in a plasma

k2c2

ω2
L

= 1−
ω2
p

ωL(ωL + iνei
) ' 1−

ω2
p

ω2
L

+

(
iνei
ωL

)(
ω2
p

ω2
L

)
(2.110)

Making an expansion assuming νei/ωL � 1

k ' ωL
c

√
1−

ω2
p

ω2
L

[
1 + i

νei
2ωL

ω2
p

ω2
L

1

1− ω2
p/ω

2
L

]
(2.111)
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Separating k into its real and imaginary components in the form k = kr + iki/2 where

κIB = iki/2 we get the damping rate for Inverse Bremsstrahlung:

κIB '
νei
c

ω2
p

ω2
L

1√
1− ω2

p

ω2
L

(2.112)

κIB ∝
Zn2

e

T
1/2
e

√
1− ne/nc

(2.113)

For a uniform plasma of scale-length L, the absorption is then:

αabs = 1− e−κIBL (2.114)

From equations 2.113 and 2.114 it is clear that inverse bremsstrahlung is strongest near

the critical density due to its ne/nc dependence. It is also strongest for high Z materials

and low temperatures. In equation 2.114 we see that for weak absorption, where κIBL�
1, the equation simplifies to αabs ∝ κIBL and for strong absorption it goes to 1. A more

thorough calculation can be found in reference [42], where a thermal distribution of ions

is assumed along with a Maxwellian distribution of electrons, again assuming a uniform

plasma. The result of this calculation is as follows:

κIB =
√

2π

(
16π

3c

)[
Zn2

ee
6 ln Λ

(meTe)3/2ω2
L

√
1− ne/nc

]
(2.115)

The calculation for the absorption in an inhomogeneous plasma is more compli-

cated and can be found in Ginzburg et al. [43]. The reason for this complexity is due

to the fact that all the parameters in equation 2.115 depend on the position. To sim-

plify this calculation, Ginzburg notes that the variation in both temperature and plasma

parameter with position is much slower than the change in electron density and hence

plasma frequency. With this simplification, Ginzburg then calculates the roundtrip ab-

sorption (laser propagating into the plasma gradient and then reflected back out) for a

linear density gradient, which can be seen as follows:

αabs = 1− exp

(
−32

15

νei(nc)

c
L

)
(2.116)

With the density dependence integrated out, all that remains is a factor of 32/15

along with the collision frequency evaluated at the critical density. Inverse bremsstrahlung
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is then best in long plasma gradients, where both the electrons and ions are thermalized.

2.3.2 Resonance Absorption

Unlike Inverse Bremsstrahlung Absorption, Resonance Absorption is a collision-

less absorption mechanism where the laser ultimately produces electrostatic (∇ ·E 6= 0)

plasma waves which then deposit their energy into the plasma via a mechanism called

Landau damping. First, it must be noted that not all electromagnetic wave polariza-

tions can be used to achieve Resonance Absorption. In order to create an electrostatic

wave going into (parallel and mathematically denoted with subscript ‖), there must be

a parallel component of the laser electric field, E‖ 6= 0. With an S-polarized laser, the

electric field is always perpendicular to the plasma. But with a P-polarized laser, part

of the electric field will be parallel to the plasma with the amount being dependent on

the incident angle of the laser with respect to the plasma density gradient scale-length.

With a P-polarized electromagnetic wave, E, traveling at some angle relative to

the gradient in the plasma density, ∇ne, such that E = E‖ + E⊥ making E · ∇ne 6= 0.

E‖ then sets up charge density fluctuations within the plasma which are then resonantly

enhanced by the plasma. To solve for this, we start with Poisson’s equation.

∇ · (εE) = ε∇ ·E +∇ε ·E = 0 (2.117)

Solving for ∇ ·E we get:

∇ ·E = −1

ε
E‖∇‖ε (2.118)

At the critical density of the plasma, the electromagnetic wave can no longer propagate

and the dielectric function, ε, goes to zero making the above equation blow up. As stated

before, the electrostatic component of the laser field creates charge density fluctuations

which can be estimated as follows. First, we assume:

xos =
eE

mω2
� l (2.119)

Where xos oscillatory position of an electron in the parallel component of the electro-

magnetic field and l is the density scale length of the plasma. The density fluctuations

can then be written in terms of magnitude of the oscillatory position as follows:

δn = ne(x+ xos)− ne (2.120)
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Figure 2.10: Resonance absorption. Oscillating electron position within a a time-
varying electric field undergoes a collision with an ion which dephases the electron from
the electric field allowing it to have a net energy gain from the field.

But from calculus we can show:

δn

∂x
=
ne(x+ xos)− ne

xos
→ δn ≈ xos

∂n

∂x
(2.121)

As shown before, our obliquely incident light wave is reflected at ε = sin2 θ. With the

electron plasma wave being excited at ε = 0 (ie. ωL = ωp), the wave must tunnel from

the point at which it becomes evanescent (ε = sin2 θ) until it reaches the critical density.

To determine E‖ near the critical density we start with the magnetic field and plug into

Ampere’s law (note: k⊥ = ωL
c sin θ is still conserved).

B = B‖ exp

[
i
ω

k⊥c
sin θ − iωt

]
(2.122)

Plugging into Ampere’s law (taking only the parallel component because we are only

concerned with the electrostatic component of the electric field:

∇×B = −iωL
c

sin θB‖

[
i
ω

k⊥c
sin θ − iωt

]
(2.123)

E‖ =
1

ε
sin θB‖ (2.124)
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To find B‖ at the critical density, we start by writing it in terms of its value at the

turning point, ε = sin2 θ, with an exponential decay function tacked on.

B(ε = 0) = B(ε = sin2 θ)e−β (2.125)

Using the Airy function solution for B(ε = sin2 θ) ≈ 0.9EFS

(
c
ωL
L)1/6 , where EFS is the

electric field in free-space. Since β is a decay of the field in space, it must just be the

integral of the imaginary part of k along the parallel axis from the turning point to the

critical density.

β =

∫ L

L cos2 θ

1

c

[
ω2
p − ω2

L cos2 θ
]1/2

dz =

(
2ωL

3c

)
sin3 θ (2.126)

B(z = L) ≈ 0.9EFS

(
c

ωLL

1/6
exp

[
−2ωL sin3 θ

3c

]
(2.127)

Defining a new variable τ :

τ =

(
ωLL

c

)1/3

sin θ (2.128)

Ed =
EFS√

2πωLL/c
φ(τ) (2.129)

Where φ(τ) = 2.3τe−2τ3/3

At this point, though, we are still the “surfer” bobbing up and down on a wave,

no energy has actually been transfered. We still need a damping term of some sort to

show energy deposition over time. To do this, we assume some damping ν. With this,

our energy flux is then:

Iabs =

∫ ∞
0

ν
Ez
8π
dz =

ν

8π

∫ ∞
0

E2
d(z)

|ε|2
dz ≈

ωLLE
2
d

8π
(2.130)

Conservation of energy tells us that our absorbed energy flux must be related to the free

space energy flux multiplied by some absorption fraction, fA.

fA
cE2

FS

8π
=
ωLLE

2
d

8
(2.131)

Using our already solved expression for Ed in terms of EFS , we get an absorption fraction

fA, as a function of φ.

fa =
1

2
φ2(τ) (2.132)
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This function depends on the angle of incidence of the laser and has a maximum value

of about 60% when the angle is, θ = sin−1[0.8(ωLL/c)
−1/3].

2.3.3 Vacuum heating

Resonance absorption requires a relatively long plasma density scale in order to

setup electrostatic charge density fluctuations along the plasma density profile. As the

scale length of the plasma gets shorter and shorter, the system becomes less and less

conducive to Resonance absorption as can be seen in the scaling:

eEL
mω2

=
vos
ωL

= xos � l (2.133)

The ability for the underdense plasma to support Langmuir waves is then predi-

cated on it being long enough. Although Resonance absorption disappears as the scale

lengths gets smaller and smaller, another mechanism kicks in right at this time. Vacuum

heating, like Resonance absorption, requires obliquely incident P-polarized electric fields

with some component of the electric field pointed along the density gradient, EL ·∇n 6= 0.

Unlike Resonance absorption, it requires a steep plasma density scale length. For ex-

ample, if xos � l, electrons right at the critical density will be ripped from the plasma

out into vacuum during one half-cycle of the electric field and then get turned around

and accelerated back towards the plasma during the next half-cycle. Just like with any

oscillator, the maximum velocity of the oscillating object occurs at the center point (the

electrons’ starting position in this case) which means the electrons will continue to travel

past the critical density and into the plasma. If these vacuum accelerated electrons can

make it deep enough into the plasma, in other words, past the thermal Debye sheath,

λD = vte/ωp, they will not be able to “feel” the laser electric field anymore, which means

on the next half-cycle where the electric field is again pulling electrons out of the plasma

into vacuum, the previously accelerated electrons wont be included.

The analytical model for Vacuum heating was developed by Brunel and can be

found in reference [44]. As stated previously, there must be some component of the laser

electric field normal to the vacuum/plasma interface such that Ed = 2EL sin θ where θ is

the angle between the laser axis and the vacuum/plasma interface. Then, if we assume

the laser pulls a sheet of electrons out of the plasma and into vacuum a distance x, we

can approximate the electric field, ∆EC , that develops between the vacuum electrons
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and the plasma like a capacitor where Σ = ne∆x.

∆EC = 4πeΣ (2.134)

Since the driving electric field should be equal to the electric that develops from the

capacitor electric field, we equate the two and solve for Σ.

Σ =
2EL sin θ

4πe
(2.135)

Assuming that each vacuum electron acquires a velocity, vd = 2vos sin θ, upon its return

to the plasma, the total energy of the vacuum electrons, and hence, the total energy

absorbed from the laser is Σ1
2mev

2
d, making the average value per laser period, τ :

Pa =
Σ

τ

1

2
mev

2
d ≈

1

16π2

e

mω
E3
d (2.136)

Comparing this with the average power per cycle of the laser, PL = cE2
L cos θ/8π, we

can get an efficiency with which this heating mechanism can occur:

ηf =
Pa
PL

=
4

π
a0

sin3 θ

cos θ
(2.137)

Since a0 ∝ Iλ2, the efficiency of vacuum heating increases with increasing laser

intensity. Additionally, increasing the angle with respect to the laser axis and the vacu-

um/plasma interface also will increase absorption. Theoretical values for the efficiency

of Vacuum heating have been shown to reach 10 − 15% at very short scale-length but

with L/λL ∼ 0.1 and laser intensities 1016 W/cm2 was seen to be as high as 70%.

2.3.4 J × B heating

In the previous laser absorption mechanism, only the laser electric field was con-

sidered. The reason for this was that the laser intensities considered in those mechanisms

were lower than the relativistic threshold of a0 = 1 → 1018 W/cm2. At those lower in-

tensities, the electron velocity is much less than the speed of light which means the

magnetic field term in the Lorentz equation can be neglected due to its v/c component.

But, when the laser intensity approaches 1018 W/cm2, the magnetic field term can no

longer be neglected. With the additional term in the Lorentz equation, the electron

quiver motion is drastically changed. If we consider the motion of a single electron by



58

Figure 2.11: The J×B acceleration mechanism. Electrons within the strong electric
and magnetic fields of the laser follow a figure-8 pattern at the critical density. The
right half of the figure-8 pattern reaches far enough past the critical density that the
Debye length of the plasma blocks the laser fields from reaching the electron, causing it
to dephase from the laser field.

itself, submerged in a relativistic electromagnetic field, we see that the electric field of

the laser starts the normal up and down oscillation of the electron, but once the electron

gains a large enough velocity, the magnetic field of the laser begins to deflect the electron

along the laser axis. The pattern that ensues is a figure-8 along the laser axis and can be

seen in figure 2.11. Now, looking at figure 2.11, if the start of the electron’s motion is at

the critical density, the right side of the ‘figure-8’ pattern will occur within the plasma.

So, in the same sense as Vacuum heating, if the electron’s forward-going velocity is high

enough that it can travel past a thermal Debye length, vth/ωL, before the electric and

magnetic fields can change polarity, it will have successfully dephased from the field and

have acquired a net energy from the field. This J×B force, can be represented as the

relativistic form of the ponderomotive force as follows:

Fpond = −m
4

∂v2
os

∂x
(1− cos 2ωt) (2.138)

Notice the 2ω within the cosine function. This means that electrons will be injected

into the plasma twice every laser cycle, which can also be seen in figure 2.11. For laser
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intensities used in this dissertation, this heating mechanism ends up being the most

dominant.

2.4 Fast electron transport

Once electrons have been accelerated, they now need to transport to the assem-

bled fuel. The characterization of this transport within integrated Fast Ignition targets

is the primary work of this dissertation. For Fast Ignition to be successful, as many

electrons as possible need to reach the high density assembled fuel. But, as these fast

electrons are traveling, they will collisionally interact with background ions and elec-

trons, reducing their flux and electrostatic fields will build up due to the newly created

charge separation of the fast electrons from the generation point, which in turn slows

them down.

2.4.1 Plasma resistivity

The resistivity of a plasma is a very important physical quantity for understand-

ing the transport of fast electrons in FI. It has, however, been very difficult to quantify.

The reason for this is that the resistive properties of matter fundamentally change when

going from an unionized medium to an ionized medium. And, within the framework of

FI, both states of matter are present, making accurate characterization of the resistivity

both extremely difficult and extremely important. In its most basic sense, the resistivity

relates the amount of current that will flow given some externally applied electric field

and is given by Ohm’s law:

E = ηJ (2.139)

When an electric field is applied to a material, the electrons and ions will be accelerated

in opposite directions. Without collisions, the electrons and ions would continue to

accelerate indefinitely according to the equation of motion:

ma = qE (2.140)

With collisions, the electrons and ions eventually reach some steady state where the

mean acceleration is zero. Including the collisional term into the steady-state equation
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of motion we get:

0 = qE− νeimu (2.141)

Replacing E using Ohm’s law and writing the current as J = −neeu we can solve for

the resistivity:

η =
mν

e2ne
(2.142)

Where νei is the electron-ion collision frequency. From equation 2.142, we see that the

resistivity depends on the collision frequency and the density. In the limit of a cold,

solid material below the Fermi temperature, the electrons will be in a degenerate state.

The collisions in this regime are dominated by electron-phonon collisions and can be

described (following reference [45]) as follows:

νep ≈ 2ks
e2kBT

~2vF
(2.143)

In equation 2.143, we can see that the collision frequency, and hence the resistivity

increases linearly with increasing temperature. To contrast this, we look at the collision

frequency in a very hot material, in other words, a plasma. In a plasma, we will have

very energetic electrons streaming past ions. The collision frequency can then be equated

to the thermal velocity of the electrons divided by the mean free path, νei = vT /lmfp

where the mean free path is equal to the ion cross section multiplied by the density of

ions, lmfp = σn = b2n. Now, in order for a collision to occur, the Coulomb energy acting

on the electron must be on the order of the electron kinetic energy, where the electron

kinetic energy can be rewritten in terms of the electron temperature, mv2 = T .

q2

b
= T → b2 =

q4

T 2
(2.144)

Plugging this into equation 2.142 we get:

η =

√
me2

T 3/2
(2.145)

As it turns out, in the case of a plasma, the resistivity scales inversely with the plasma

temperature as T−3/2. This resistivity scaling with temperature is called the Spitzer

resistivity from reference [46]. The precise form of the equation can be seen as follows:
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Figure 2.12: Collision frequency versus temperature. Collision frequency of Aluminum

in the degenerate regime where ν ∝ Ti and in the Spitzer regime where ν ∝ T
3/2
e with

a correction for the intermediate region when neither degenerate nor Spitzer are valid.
Courtesy of Eidmann et al. [45].

νSpitzer =
3

4
(2π)1/2 Zave

3mene

(mekBTe)3/2
ln Λ (2.146)

Where Zav is the average ionization state of the material, Te is the electron

temperature and Λ is the ratio of the efficacy of small angle collision to large angle

collisions. Now, with the resistivity scaling linearly with T for “cold” materials and

scaling with T−3/2 for plasma, what is the transition point? One simple solution would

be to use a polynomial interpolation of the two regimes at their intersection point which

can be seen in figure 2.12 as the thin, solid black line. Unfortunately, in this case,

unphysical collisions frequency would occur. The reason being that the mean free path,

lmfp of the electrons is shorter than the ion atomic spacing, ∼ n
−1/3
i . To fix this, the

collision frequency has maximum value proportional to the electron velocity divided by

the electron mean free path which can also be seen in figure 2.12 as the dashed line.

This “cutoff” provides a reasonable solution to the collision frequency in the difficult

intermediate regime between the degenerate and ionized plasma.
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2.4.2 Return Current

A beam of fast electrons transporting through matter can be characterized by

a current density J . To approximate this current density, following the work of Bell

[23], we start by calculating the total number of electrons available to the laser to be

accelerated. If we assume the laser spot, rL is 15 µm and we assume that the laser

penetrates into the plasma by dabl = 2 µm, then, with an electron density of gold at

solid density nAu = 2.415 × 1023 cm−3, the total number of electrons can be calculated

as follows:

Nfe = πr2
LdablnAu = 3.414× 1014 (2.147)

With a EL = 150 J laser and an assumed conversion efficiency from laser to fast electrons

of ηCE = 30%, we have ∼ 50 J of energy in the form of fast electrons. With a mean

energy of 500 keV for the fast electrons, the total current can be calculated as follows:

Ife =
eηCEEL
γTfeτL

= 25× 106 A (2.148)

This amount of energy would produce a magnetic field on the order of a teragauss

which would correspond to an energy of a few kilojoules. This amount of energy is

obviously energetically impossible which means there must be something that cancels

out this current. There are two possibilities that could happen. First, an electric field

could develop. Estimating the electrostatic field, E ≈ −4πJfeτ , that would build up from

a current density of 1016 A/m2 we get E ≈ 1012 V/m within 1 fs which is enough to stop

even MeV electrons. Since we know from experiment that fast electrons do transport,

there must be something else going on. The second option, then, is a return current. If

the background electrons can quench the electric field buildup, the fast electrons will be

able to successfully transport. Additionally, this return current will act to neutralize the

fast electron produced magnetic field.

2.4.3 Stopping Power and Scattering

Another very important parameter for the transport of fast electrons in FI rel-

evant conditions is the distance that a relativistic electron will be able to travel within

a compressed core of D-T before losing all of their energy to the plasma. This is called

the stopping power (in this case, of the D-T plasma) and is derived in [29] and [47].

As stated previously, the fast electrons produced in a cone guided fast ignition scenario
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must travel from the generation point at the critical density inside the cone, through the

remainder of the gold cone tip and then through a ∼ 50 µm long region of moderately

dense D-T (∼ 1 g/cm3) plasma before reaching the high density ignition spark region.

Better understanding of the stopping power allows for a better understanding of the

necessary fast electron energy needed to efficiently couple the fast electron energy to the

ignition spark region.

The equation for the energy loss per unit path length is given below, where β is

the normalized velocity of the fast electron, ρ is the density of the material, mp is the

proton mass, me is the electron mass, c is the speed of light, Z is the atomic number

of the plasma, A is the atomic mass if the plasma, ~ is the reduced Planck constant,

and ωpe is the plasma frequency. The quantity inside the square brackets is called the

stopping number.

dE
ds

= − 4πρe4

mpmeβ2c2

Z

A

[
ln

(
mec

2

~ωpe

)
+

9

16
− 1

2
ln(2) + f(γ)

]
(2.149)

Where f(γ) is:

f(γ) = ln(β
√
γ − 1)− 1/8 + ln(2)

γ
+

1/8 + ln(2)

2γ2
(2.150)

The total stopping power for Hydrogen from equation 2.149 can be seen in figure

2.13 showing the contributions from both collisional and radiative stopping power in

addition to the total. Now, the energy lost is for a given path length, s as opposed to

the path length of its initial trajectory along the laser axis towards the ignition spark

region. The reason for this is collisions. Collisions with background electrons and ions

will deflect the fast electrons from their original path and thereby increase the amount

of energy lost per unit path length along the laser axis. The amount that group of fast

electrons will be deflected is defined by the average square deflection per unit path length

and can be defined as follows:

〈cos θ〉 = exp(−k1∆s) (2.151)

Where k1 is the reciprocal of the mean free path of the fast electrons. Since the mean

free path for electron-electron collisions, k−1
1e , will be inherently different from the mean

free path for electron-ion collisions, k−1
1i , they are calculated separately and then added

together in quadrature to form the total mean free path, k−1
1 . The result of this is the
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Figure 2.13: Stopping power of hydrogen. Stopping power as a function of fast elec-
trons energy for both collisional and radiative stopping and the two added together for
Hydrogen plasma.

average square deflection can then be related back to the energy loss per unit path length

in equation 2.149 as follows:

dE
ds

=
1

〈cos θ〉
dE
dx

(2.152)

2.4.4 Fast Electron Source Characteristics

Generally speaking, a distribution of fast electrons, in this case, produced on the

inner cone tip of a geometrically reentrant cone can be characterized by three parameters.

The first is the conversion efficiency, ηCE , from laser energy to fast electron kinetic energy.

This value linearly describes the total number of electrons that will be produced for a

given laser energy. The second is the slope temperature, TFE , which describes how the

fast electrons are energetically distributed. And the third is the angular divergence,

θFE , of the fast electron spectrum which describes how the fast electrons’ momentum is

directed relative to the laser axis. The equation for the number density of fast electrons

for a given kinetic energy (E) and injection angle (θ), is then as follows:
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nFE(E , θ, ηCE) ∝ ηCE exp

(
− E
TFE

)
exp

(
− θ2

2θ2
FE

)
(2.153)

The exact values of ηCE , TFE and θFE are still major areas of research with very

large windows of potential values. One difficulty is that all lasers have intrinsic differences

from one another and those differences make the interaction physics of the laser with

the plasma different. With each laser absorption mechanism discussed in section 2.2

comes theoretically different values for all three parameters. On any given laser shot,

an amalgamation of all the absorption mechanism will come into play at varying ratios

depending on the material, underdense plasma scale-length, laser intensity and laser

pulse-length. For example, a high intensity relatively short pulse laser impinging on

a very short underdense plasma scale length will most likely see the J × B heating

mechanism being the most dominant. But, it is easy to see that with a large plasma

scale length, other mechanisms will come into play like inverse bremsstrahlung (more

specifically at lower laser intensities). Many studies have been carried out to try to

better understand these parameters and will be discussed in the following sections.

Fast Electron Conversion Efficiency

In order for fast ignition to be successful, a significant fraction of the laser energy

must be converted to fast electrons. The efficiency of a laser in producing fast electrons

directly determines the overall gain that a Fast Ignition point design will achieve. A

recent review by Davies [48] compiled conversion efficiency results from a number of

experiments relating to Fast Ignition as a review of the current state of the field. The

results of this compilation can be seen in figure 2.14.

The first thing to notice in figure 2.14 is the large range in conversion efficiencies

obtained from different experiments and studies. This point illustrates the fact that

conversion efficiency is still very much an active area of research with results showing

disparities from ηCE = 3% to ηCE = 90% within a relatively small Iλ2 window. Part of

the reason for this large discrepancy is the fact that the laser-plasma interaction is very

susceptible to the plasma conditions. In section 2.2, we saw many different absorption

mechanisms that are all valid in slightly different regimes. So, for example, the efficacy

of J×B heating will be significantly reduced in the presence of a long underdense plasma

profile. Conversely, inverse bremsstrahlung has the opposite scaling with the underdense

plasma profile. Additionally, the temporal intensity profiles of different lasers can be very
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Figure 2.14: Literature review of conversion efficiency measurements. Published ab-
sorption values as a function of Iλ2 from Davies et. al [48]. The solid black symbols are
experimental and numerical results from Ping et. al. [49] where circles indicate normal
while squares indicate oblique incidence. The red crosses and boxes represent groupings
of data taken from the Nova laser from Town et. al. [50]. The solids lines are fits done
by Davies for the two data sets respectively.

different. All high intensity lasers will have a pedestal pulse of laser energy that arrives

at the target prior to the main pulse. Depending on the amount of energy contained in

this pulse, the size of the preformed plasma will be different.

One encouraging feature of this data compilation is that, in both sets of data,

there is a general, positive scaling of conversion efficiency with increasing Iλ2. Both data

sets reasonably fit to a function of the form:

fabs = (αIλ2)p (2.154)

Where α is a parameter based on the laser polarization and took on values

between 3 and 5, and p was an exponential fit to the data, taking on values from about

2 to 3. It is also important to note that the results presented in figure 2.14 correspond

to the total energy absorbed by the plasma, not just the fast electron energy. The total
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energy in the form of fast electrons corresponds to the dotted black boxes in figure 2.14

which do not seem to follow the same scaling as the overall absorption. This is partly

due to the fact that it is difficult to measure the energy in the form of fast electrons.

For overall absorption, measurements of laser reflectivity [49] can be made with fairly

good certainty. Fast electrons on the other hand, require measurements of fast electron

produced bremsstrahlung [20, 19, 3] or k-shell ionization [21], which in turn requires

some level of model validation of the experimental findings.

The results from this data compilation show that fast electron conversion effi-

ciencies can be as high as 50%, which is still very encouraging for the prospects of Fast

Ignition.

Fast Electron Temperature

When fast electrons are produced from laser-plasma interaction, their kinetic

energy distribution function can be described by a steady-state Boltzmann distribution.

The equation for the normalized fast electron distribution is as follows:

fFE ∝
1

TFE
exp

(
E
TFE

)
(2.155)

With the necessary ignition spark areal densities of about 0.6 g/cm2, this corre-

sponds to fast electrons with kinetic energies in the range of 1− 3 MeV. Example slope

temperatures can be seen in figure 2.15a along with vertical dotted lines representing

the ideal energy range of fast electrons. Clearly not all slope distributions are ideal

for producing fast electrons in the range of 1 − 3 MeV with the 0.1 MeV, for example,

hardly producing any fast electrons above even 1 MeV and the 5 MeV distribution clearly

producing too many fast electrons above 3 MeV. To calculate the ideal slope temper-

ature for producing 1 − 3 MeV, we start by integrating equation 2.155 with respect to

electron kinetic energy from 1 MeV to 3 MeV which can be seen in figure 2.15b, plotted

as a function of slope temperature (electron kinetic energy has been integrated out).

Taking the maximum of this integrated function with respect to slope temperature, we

see that the optimum slope temperature for full-scale Fast Ignition conditions occurs at

TFE = 1.8 MeV.

It is also important to know how the slope temperature of a fast electron distribu-

tion will change with laser parameters. As was seen in section 2.2 the electron oscillation

velocity increases with increasing electric field intensity. It is not all too surprising then
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Figure 2.15: Ideal Fast Ignition slope temperature. a) Normalized Boltzmann-like slope
temperatures. b) Optimization of the Boltzmann electron energy distribution function
for fast electrons in the range of 1− 3 MeV.

that the slope temperature should then increase with increasing laser intensity. Addi-

tionally, the longer the wavelength of the laser, the greater the time that the electric and

magnetic fields will have to push the electrons before their fields reverse. In the limit

that the wavelength goes to infinity, the electric field will become a static, DC field that

pushes electrons indefinitely. It is also not surprising, then, that the slope temperature

would increase with increasing wavelength, and more specifically wavelength squared.

There are two scaling laws for the slope temperature that have been parameterized in

this fashion, (ie. laser intensity and wavelength squared). The first is the Beg scaling

[32] which can be seen in equation 2.156.

TFE = 215 keV

[
ILλ

2
µm

1× 1018 W/cm2

]1/3

(2.156)

This scaling is empirically based, utilizing fast electron produced bremsstrahlung

radiation to infer a slope distribution of the fast electrons. The second scaling is called

the Ponderomotive scaling and can be seen in equation 2.157.

TFE = 511 keV

√1 +
ILλ2

µm

1.37× 1018 W/cm2
− 1

 (2.157)

This scaling is theoretical and is based on the ponderomotive potential that arises

from the J×B heating mechanism. These scalings can be seen in figure 2.16 along with a



69

Figure 2.16: Slope temperature scaling versus driving force (Iλ2) for the empirically
obtained Beg scaling and the theoretically calculated ponderomotive scaling.

horizontal dotted line representing the ideal fast electron temperature for Fast Ignition.

Both scaling laws have their limitations. For example, with the ponderomotive scaling

being based on a single heating mechanism, it is only valid when that mechanism is

dominant. For example, recent work by Paradkar [51] has shown significantly higher

slope temperatures than the pondromotive scaling developing in the long underdense

plasma due to stochastic interaction of electrons within a large potential well.

Fast Electron Angular Divergence

The fast electron angular divergence is the last of the fast electron parameters. It

is critically important for the success of Fast Ignition for the divergence to be as small as

possible. As was discussed in section 1.4, volumetric heating of the entire assembled fuel

would make ignition energetically impossible with laser efficiencies on the order of 10%.

To quantify the required angular divergence, we must look at the geometry of the Fast

Ignition design. In the Fast Ignition design, the assembled fuel will be some distance, d,

away from the cone tip with the ignition spark region having a radius ris. In order for
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one standard deviation of the total number of fast electrons to reach the ignition spark

region, the angular divergence must be:

θFE = atan
ris
d

(2.158)

If the separation distance from the fast electron source generation is d = 100 µm

and the ignition spark radius is ris = 50 µm, the angular divergence must be θFE < 25 ◦.

The values of ris and d, are not exact here. The point is more to illustrate the need for

a relatively narrow divergence angle.

The actual empirical value of the angular divergence is still uncertain and, like

the conversion efficiency and temperature, is highly dependent on the acceleration mech-

anism which means it is highly dependent on the laser intensity, spot size, pulse-length,

and polarization as well as the plasma properties such as scale-length and material. Ad-

ditionally, it has been a very difficult parameter to actually measure because direct mea-

surement isn’t always possible, meaning it must be inferred through indirect processes

such as fast electron produced bremsstrahlung radiation. Previous work ([19, 20, 3]),

utilizing x-ray spectrometers, coupled with model validation has shown a wide range of

divergences from about 50 ◦ all the way up to a fully isotropic distribution of electrons.

Concluding Remarks

The primary work of this dissertation is concerned with the characterization of

these fast electrons parameters (ηCE , TFE , and θFE) in sub-scale integrated Fast Ignition

conditions to help facilitate the target and laser configuration of a working Fast Ignition

point design.



Chapter 3

Experimental Methods

This chapter describes the experimental setup, including the motivation that

necessitated the target design, laser systems and diagnostics used for the experiments

presented in this dissertation.

3.1 Experimental Motivation

The primary goal of the experiments discussed in this dissertation was to better

understand exactly where fast electrons deposit their energy in an integrated FI assem-

bled core. Previous integrated FI experiments relied on neutron yield measurements to

infer energy coupling of the short-pulse-produced fast electrons to the assembled core.

Unfortunately, this does not give any information about where these fast electrons are

going inside the assembled core. As was stated in the previous chapter, the success of

FI is predicated on the ability of the fast electrons to deposit their energy into a small,

“ignition spark” region rather than volumetric heating. With this, there are two primary

measurables that need to be quantified; the spatial energy deposition of fast electrons,

and the total energy deposited by the fast electrons. In order to measure these two

quantities, a copper tracer layer was added to the target shell (see section 3.2) so that

fast electron spatial energy deposition could be inferred by measuring fast electron in-

duced copper K-shell fluorescence (see section 3.4). To get a spatial understanding of

these Cu Kα photons, a diagnostic designed to image Cu Kα photons in two dimensions

was used (see section 3.4.4). Additionally, the total number of Cu Kα photons was used

to infer the total energy deposited (see section 3.4.5). Experiments were conducted on

71



72

the OMEGA Laser Facility at the Laboratory for Laser Energetics (see section 3.3.2 and

3.3.3). The OMEGA beams were used to assemble the target shell while the OMEGA-

EP beam was used to generate relativistic electrons within the cone which would then

transport to the assembled core and produced Cu Kα photons while depositing a fraction

of their energy into the assembled core.

3.2 Target Design

Targets were modeled after a previous Fast Ignition (FI) experiment by Theobald

et al. [35] on the OMEGA Laser Facility. The targets from this previous experiment

had been thoroughly tested and optimized for some of the key design features for FI

experiments, making it an excellent starting point for the targets in this dissertation and

also alleviated the need to “re-invent the wheel”. Additionally, the ability to compare

the results from some of the primary diagnostic as a benchmark while also compounding

a very rich data set, on a facility that inherently yields very limited data sets, was

attractive.

3.2.1 Previous Target Design

In the previous experiment, the targets were gold cones inserted geometrically

reentrant to a deuterated plastic shell. These warm (room temperature) plastic targets

are a cost-effective alternative to cryogenically frozen DT shells that still give significant

information about the implosion dynamics and energy coupling, but with much less

difficulty in the experimental execution. Additionally, by replacing the hydrogen in the

plastic with deuterium, neutron yield measurements could be made similar to a cryogenic

D2 target, albeit at much lower yield levels.

The deuterated plastic shell had an outer diameter of 870 µm and a shell thickness

of 40 µm. The geometrically reentrant gold cones had two cone tip diameters that were

tested, 10 µm and 40 µm. Testing multiple cone tip diameters was done because larger

cone tip diameters reduced the risk of having the heating beam interact with the cone

walls due to pointing issues which could ultimately produce a plasma within the cone

that could quench the production of fast electrons, while a smaller cone tip is more

structurally sound meaning it will be less susceptible to the high pressures produced

from the imploding shell breaking through the cone tip and filling the inner cone with

assembled core plasma.
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Figure 3.1: VISAR measurements of cone-tip-breakout time. Traces taken of the inner
cone tip of a 5 µm thick cone tip and a 15 µm thick cone tip. Image courtesy of Theobald
et al. [35].

Three cone tip thicknesses were tested at 5,10, and 15 µm. The reason for testing

the cone tip thicknesses was because thicker cone tips will make the cone more struc-

turally sound (similar to the smaller cone tip diameter) and hence will remain intact at

later times during the implosion, resulting in higher assembled core areal densities. But,

fast electrons are very easily stopped in gold, meaning the “ideal” cone tip thickness

must be one that is as thin as possible while still keeping the cone intact as late as

possible. The cone walls were fixed at 10 µm for all targets. To characterize the struc-

tural integrity of these different cone tip thicknesses, a Velocity Interferometer for Any

Reflector (VISAR) [52] was used. Briefly, a VISAR is a diagnostic that measures the

light reflected off of a surface and is able to measure the velocity of the reflecting sur-

face by comparing fringe patterns of the reflected signal compared with a time-delayed

input signal. The reflected surface of the inner cone tip will initially have a velocity of

zero, but when the cone is destroyed by the extreme pressures from the imploding shell,

assembled core plasma will break through the cone tip and begin to fill the cone which

will be detected by the VISAR as a change in velocity.

Figure 3.1 shows the results of a VISAR trace for a 5 µm thick cone tip and a

15 µm thick cone tip. Plotted along with the VISAR trace is the temporal profile of the
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Figure 3.2: Heating beam delay optimization. Neutron yield measurements from
Theobald et al. [35]. The gray bar shows the neutron yield using only the driver beams.
The red circles correspond to targets with a 10 µm cone-tip diameter while the blue tri-
angles correspond to targets with a 40 µm cone-tip diameter. Results show a peak in the
neutron yield enhancements of 4× with a delay between the OMEGA beams and the
OMEGA-EP beam of 3.65 ns.

OMEGA driver beams. The 5 µm thick cone tip appears to remain intact until about

2.5 ns while the 15 µm thick cone tip remains intact until about 3.8 ns. Supplementary

hydrodynamic simulations of the shell implosion showed areal densities at 2.5 ns being

far too low for efficient coupling of fast electron energy, making the 15 µm thick cone

tip appear to be the correct choice for efficient coupling of fast electron energy into the

assembled core.

Additionally, the neutron yield results for the 10 µm and 40 µm cone tip diameters

were compared on integrated shots (see figure 3.2). In this experiment, the delay was

varied between the start of the OMEGA driver beams and the start of the OMEGA-EP

beam. The goal was to determine the optimum timing between the driver beams and the

heating beam corresponding to a peak in the neutron yield. In figure 3.2 the yield was

varied from 3.4 ns to almost 4.0 ns. During the experiment, shots were also taken with

only the driver beams so that a relative yield enhancement attributable to the OMEGA-
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EP beam could be made. This is depicted as a gray bar spanning the horizontal axis from

about 0.25−0.5×107 neutrons. It was then assumed that neutron yields above this value,

while using the OMEGA-EP beam in addition to the OMEGA beams, was attributable

to the fast electrons produced by the OMEGA-EP beam depositing their energy into the

assembled core, causing its temperature to rise which in turn produced more neutrons.

The results of this delay scan show a peak in the neutron yield at a delay of 3.65 ns

where a factor of four increase in the neutron yield was seen when compared with an

OMEGA-only shot. Because of this finding, a delay of 3.65 ns was used as the starting

point for the timing between the OMEGA beams and the OMEGA-EP beam in this

dissertation work. Within the error bars of this analysis it appeared that the difference

between the 10 µm and 40 µm cone tip diameters was negligible which prompted the

initial target design for the work presented here to have a 10 µm cone tip diameter.

This neutron yield data provided an invaluable starting point for the work pre-

sented here because the number of experimental shots is so limited on the OMEGA

facility, it would be difficult to characterize the timing on a single shot day in addition to

providing new insights on the physical processes going on in an integrated fast ignition

experiment.

3.2.2 Copper-doped Target Design

As stated previously, the current, copper-doped target design was based on the

target design from the previous experiment due to its extensive target design optimiza-

tion. Targets were manufactured by General Atomics. The copper-dopant was added

to the shell at a nominal atomic density of 1%. This corresponded to ∼ 8% by mass.

Because of this increase in mass density, the total thickness of the shell was reduced from

40 µm in the previous experiment to 38 µm here so as to keep the total mass of the shell

similar which, in turn, would make the implosion timing similar as well. The requested

target metrology can be seen in figure 3.3.

As can be seen in figure 3.3, the gold cone had a cone-tip thickness of 15 µm,

consistent with the thickest of the designs seen in the previous experiment and shown to

remain intact up to 3.8 ns. The cone tip diameter was 10 µm, representing the smaller

of the two cone tip diameters from the previous experiment because of the negligible

difference in the neutron yield measurements between the two and because of the inherent

added strength to a smaller cone tip diameter. In a cone-guided fast ignition experiment,
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it is important to minimize the amount of shell area that must be replaced by the cone.

The reason for this is that a cone-guided fast ignition implosion is inherently asymmetric

which reduces overall areal densities in the assembled core. To minimize this the cone

opening angle should be as close as possible to the angle associated with the f/# of the

heating beam being injected onto the inner cone tip. Here we used a cone opening angle

of 34 °± 1 ° consistent with the previous experiment, which corresponds to an f-number

of f/1.6 which is only slightly larger than the OMEGA-EP f-number of f/1.8. The total

longitudinal length of the cone inserted into the shell was 370±5 µm. This resulted in an

offset distance from the tip of the cone to the center of the shell of 40±10 µm. The offset

distance is important because the location of the assembled core will be at the center

point of the original, intact shell which means a source offset distance that is too small

could results in a prematurely destroyed cone tip, but an offset distance that is too large

would result in too great of a distance for the heating-beam-produced fast electrons to

travel.

The plastic shell consisted of two layers. There was an inner, “fuel” layer which

was made from deuterated plastic and doped with copper, and then there was the outer

“ablator” layer which was un-doped and made out of non-deuterated plastic. The tar-

get ablator served two main purposes. First, the material in the ablator was plastic

rather than deuterated plastic. The reason for this was to reduce the amount of neu-

trons being produced in the driver-produced coronal plasma. When using a pure CD

shell for both the ablator and the inner fuel area, neutron yield measurements can be

misleading because inferring energy coupling in the assembled core is done by counting

the number of neutrons produced within the assembled core on a given shot. Because of

this, neutrons created within the coronal plasma skew the data giving overly optimistic

energy coupling results. Secondly, the pure plastic ablator layer was used to protect

the inner, copper-doped layer from directly interacting with the driver beams. With

driver-beam laser intensities above 1015 W/cm2, bound electrons within copper atoms

are readily ionized via multi-photon ionization and secondary electron ionization from

inverse bremsstrahlung. The result is that a copper ion submerged in the driver beam

would produce massive amounts of helium-like radiation and swamp diagnostics. This

helium-like radiation was seen in the first campaign where the ablator thickness was

10 µm and resulted in the saturation of the x-ray spectrometer tuned to measure Cu

Kα. To remedy this on future campaigns, the ablator thickness was increased. To get
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Figure 3.3: Experimental Target design. Dimensions in units of centimeters. The outer
ablator layer made of pure plastic (CH) can be seen in light blue with a thickness 15 µm.
The inner gray area is the Cu-doped deuterated plastic which was 23 µm thick.

a more certifiably correct choice in the ablator thickness, radiation-hydrodynamic simu-

lations using the one-dimensional fusion code, LILAC[53], were performed using various

ablator thicknesses. The result of these simulations can be seen in figure 3.4 which is

a plot of Lagrangian elements of the shell as a function of time. The red lines in these

plots corresponds to Lagrangian elements of the pure CH ablator while the blue lines

correspond to Lagrangian elements of the Cu-doped fuel region. Here we see that with a

10 µm thick ablator layer, the entire ablator layer gets ablated away in addition to some

of the Cu-doped region, consistent with experimental findings from the first campaign.

For a 15 µm thick ablator, a small amount of ablator layer still remains even after the

OMEGA lasers have turned off at 3 ns meaning the Cu-doped region is safe from ablation

and multi-photon ionization from direct interaction with the OMEGA beams.
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Figure 3.4: Modeling of ablator thickness. One-dimensional radiation-hydrodynamic
simulations of doped and undoped shell implosions. a) 10 µm ablator thickness showing
ablation of inner Cu-doped region. b) 15 µm ablator thickness showing a well protected
inner Cu-doped region. Simulations courtesy of J. Delettrez from the Laboratory for
Laser Energetics.

3.3 Laser Systems

The experiments discussed in this thesis were all performed at Laboratory for

Laser Energetics (LLE) at the University of Rochester using the OMEGA laser system

as well as the OMEGA-EP laser system. LLE was established in 1970 and is funded

by the National Nuclear Security Administration as part of its Stockpile Stewardship

Program.

3.3.1 Laser Basics

The lasers used at laser-fusion laboratories are some of the most energetic, pow-

erful, and intense lasers in the world. As such, much research has gone into the design

of these lasers. Here we will touch upon some of the key design features that allow these

lasers to operate in the regimes that they do.

Mode Locking

In this field, very short laser pulses are necessary. One way to achieve this is

through a technique called mode locking[54]. In the most simple laser configuration, the

laser pulse is limited to two times the length of of the laser cavity, which would be on

the order of a few nanoseconds. With mode locking, laser pulses can be as short as a
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Figure 3.5: Mode locking. Longitudinal modes within a laser cavity are phase-matched
using a passive Kerr-Lens causing the different modes to constructively interfere.

few femtoseconds. These incredibly short laser pulses are achieved by using a laser with

a large bandwidth. With a large bandwidth, there are many longitudinal modes which

are integer multiples of the laser cavity. Now, when the modes are all perfectly in phase,

they will constructively interfere resulting in a very short pulse that oscillates in the

cavity with a period of τ = 2L/c. Mathematically, we can see how this works by looking

at the electric field of a multi-mode laser containing N longitudinal modes:

E(z, t) =

(N−1)/2∑
m=−(N−1)/2

Eme
i(ωmt−kmz+φm) (3.1)

This equation contains two waves, an envelope and a carrier wave. The envelope

is the slowly varying waves that contains the carrier wave within it. As such, the pulse

length of the overall laser pulse will be defined by the envelope pulse length. To calculate

this, we start by separating equation 3.1 into its envelope (m∆ω) and carrier (ω0) wave

components. To do this, we first note that ωm and km can be broken down into a carrier

component plus a difference component as follows:

ωm = ω0 +m∆ω = ω0 +
mπc

L
(3.2)

km =
ωm
c

(3.3)

Where ω0 is the carrier frequency. Using this we can then decompose equation
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3.1 into its carrier and envelope components as follows assuming each mode has the same

electric field, E0 = Em and assume that there is no phase between modes φm = φ0 = 0:

E(z, t) = E0e
iω0(t−z/c)

(N−1)/2∑
m=−(N−1)/2

eim∆ω(t−z) (3.4)

Using the summation identity:
q−1∑
m=0

am =
1− aq

1− a
(3.5)

We can rewrite the envelope electric field as:

Eenv = E0
sin
[
N∆ω

2

(
t− z

c

)]
sin
[

∆ω
2

(
t− z

c

)] (3.6)

Where the intensity of this electric field scales with the electric field squared and

can be seen plotted along with the carrier intensity in figure 3.5. What equation 3.6

shows is that the pulse length of a modelocked laser is inversely proportional to the

number of modes for a given laser which can be seen as follows:

τ =
2π

N∆ω
(3.7)

Now, this incredibly reduced pulse length is only possible if all the different modes

are in phase. As was shown in the previous derivation, the relative phase with respect to

each individual mode was assumed to be zero. To achieve this, a prism pair is situated

within the resonant cavity which energetically disperses the different modes such that

they are in phase. Then, in the case of the OMEGA-EP beam, a passive Kerr-Lens

is used to selectively extract the high intensity pulse which then transports to the rest

of the remaining beamline. With a mode locked laser, peak intensities on the order of

1015 W/cm2 can be achieved, with pulse lengths in the picosecond regime. This intensity

level was capped by the damage threshold of the beamline optics and remained that way

until the invention of Chirped-Pulse Amplification.

Chirped Pulse Amplification

Chirped-Pulse Amplification (CPA) is a technique developed by Strickland et al.

[55] which completely revolutionized laser physics because it enabled the use of laser

intensities that were beyond the damage threshold of the beamline optics. To achieve
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these high intensities, a very large bandwidth laser is used. Then, a grating is used to

energetically disperse the high bandwidth pulse, stretching it out temporally. What this

does is greatly reduces the intensity of the pulse while it travels through the optics and

amplifiers. Once fully amplified, the pulse has an intensity that is close to the damage

threshold. It then passes through another grating system which re-compresses the beam

temporally creating an incredibly intense and short pulse. The result of this invention was

petawatt-class lasers and on-target intensities which were above the relativistic thresholds

for electrons (1018 W/cm2) within the laser fields, as was discussed in section 2.2.2.

3.3.2 OMEGA Laser Facility

The design of the OMEGA laser system presented here can be found in Boehly

et al. [56] in more detail. The OMEGA laser facility consists of 60 beams with terawatt

capabilities in each beam. The gain medium is Neodymium:Glass resulting 1ω frequency

of 1.053 µm. The initial pulse from the master oscillator is mode locked creating a 10 nJ

pulse in 80 ps at a rate of 76 MHz. After the master oscillator, these pulses are sent

through a user-specified pulse shaping system which can tailor the pulse’s temporal

power profile to better fit the needs of specific applications such as inertial confinement

fusion. After pulse shaping, the pulses are amplified in a feedback-stabilized regenerative

amplifier. After the regenerative amplifiers, a Large-Aperture Ring Amplifier (LARA)

is used in a 4-pass configuration. The final power amplification is done with a series of

large (64 mm and 90 mm) rod amplifiers followed by disk amplifiers in a Brewster angle

configuration which results in kJ-level laser energies per beam which is then frequency

tripled using two type-II KDP crystals per beam resulting in a frequency of 351 nm.

Experimental Purpose

For the experiments discussed in this dissertation, the OMEGA beams were used

with 330 J per beam to compress the copper-doped CD shells. With a reentrant cone

inserted into the shell, an isotropic configuration of OMEGA beams could not be used.

Rather, 54 of the 60 OMEGA beams were used with a low-foot, picketed pulse shape

which can be seen in figure 3.6 for all three experimental campaigns. For the first two

campaigns, the requested power profile was nominally identical, although an issue with

the power balance on the first campaign caused an additional spike to occur within the

main pulse. The requested power profile for these two campaigns was as follows. The
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Figure 3.6: OMEGA beam temporal pulse shape. The initial picket is used to reduce

initial picket pulse had a peak power of 6 TW followed by a foot power of 1 TW and

then the main pulse at 12 TW. The total pulse length was 3 ns with 90 ps (full width at

half maximum) in the picket, 1 ns in the foot, and roughly 2 ns in the main pulse. This

resulted in an implosion adiabat, αin of 1.5, which is defined as the ratio of the plasma

pressure of the inner part of the shell to the Fermi pressure of a fully degenerate electron

gas. The remaining 6 beams were used to destroy the remainder of the target 5 ns after

the start of the other 54. For the third campaign, the power in the initial picket was

reduced to improve compression.

3.3.3 OMEGA-EP Short-Pulse Laser System

The OMEGA-EP (extended performance) laser system is a petawatt-class laser

which was added to LLE to increase the capabilities of the laboratory. The additional ca-

pabilities include hard x-ray radiography, fast ignition, and high energy density science.

With a higher intensity laser, K-shell ionization is possible allowing for backlighting ex-

periments where > 10 keV photons are used to diagnose a given material. Higher energy

backlighter sources means higher density materials can be investigated. Additionally,

the fast ignition concept which requires a secondary high intensity beam to ignite the

assembled core, is possible with the petawatt laser added to OMEGA. The OMEGA-EP

system includes 2 beamlines capable of multi-kilojoule energy with pulse lengths on the

order of picoseconds and focal spot sizes on the order of 10 µm, corresponding to laser

intensities exceeding 1020 W/cm2. These beamlines can be used in the OMEGA-EP tar-

get chamber, or can be redirected into the OMEGA chamber to be used in tandem with
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Figure 3.7: OMEGA-EP beamline layout. Courtesy of Waxer et al. [57].

the OMEGA beams (as was done in this dissertation work).

The layout of the OMEGA-EP beamline configuration can be seen in figure 3.7

and is described as follows. The OMEGA-EP seed pulse originates from a modelocked

Nd:glass laser which produces a 200 fs pulse containing 600 pJ of energy centered at

a wavelength of 1.053 µm with a bandwidth of 6 nm [58]. This pulse is then stretched

temporally to 2.5 ns [59] and injected into the Optical Parametric Amplifier (OPA) along

with the seed pulse. The pump pulse is produced from a Nd:YLF master oscillator with

a single longitudinal mode producing a very narrow bandwidth centered at 1.053 µm

and total beam energy of 50 pJ. The pump pulse is then amplified by a diode-pumped

Nd:YLF regenerative amplifier to 3 mJ which is then spatially apodized to produced a

spatially flat power profile with a total energy of 400 µJ which is then amplified by a 2-

pass, flash-pumped Nd:YLF amplifier to 40 mJ. At this point it is frequency-doubled by

a β-barium borate (BBO) crystal changing the frequency to 526.5 nm with a total energy

of 25 mJ corresponding to a crystal conversion efficiency of 62.5%. After this, the pump

pulse finally meets the seed pulse and both are injected into the OPA simultaneously.

The OPA is operated in degenerate mode where the signal/seed pulse have the same

frequency as the idler pulse thereby increasing the potential pump-to-signal conversion
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efficiency. The OMEGA-EP OPA is quoted [57] as having a conversion efficiency as

high as 35%. The output energy of the signal pulse from the OPA is about 250 mJ

corresponding to a net gain of 5 × 108. After the OPA, the signal (OMEGA-EP main

pulse) is sent through a 7-disk booster amplifier followed by the 4-pass main amplifier

consisting of 11-disks which raises the total energy to kJ-levels. At this point the pulse is

still stretched and is therefore sent to the compressor before it is injected into the target

area.

Contrast Improvements

Between the second and third experimental campaigns between fiscal year 2012

and fiscal year 2013, the temporal contrast in the OMEGA-EP beam (beamline 2) was

improved by about two orders of magnitude. More detail on this improvement can

be found in Dorrer et al. [60]. Essentially, the pump pulse regenerative amplifiers

were replaced with an OPA system which drastically cleaned up the pump pulse power

profile which in turn reduced the amount of amplified spontaneous emission seen on

experimental shots.

Experimental Parameters

The 1.053 µm wavelength OMEGA-EP[57] BL2 beam was used as the heating

beam with energies ranging from 250 to 1400 Joules in 10 ps with a focal spot radius

of 20 µm containing 80% of the laser energy. This corresponded to a peak intensity of

3×1019 W/cm2 and an average intensity, of 9×1018 W/cm2. The timing of the OMEGA-

EP beam was then varied with respect to the start of the driver beams from 3.65 ns to

3.85 ns in 100 ps intervals.

3.4 Diagnostics

Here we discuss the experimental diagnostics used on the OMEGA and laser

facility the characterize the dynamics of the Cu-doped targets. The primary diagnostics

on this experiment were x-ray diagnostics and, more specifically, diagnostics designed to

detect K-shell fluorescence from copper atoms. Because of this a brief introduction to

the process of K-shell fluorescence as it pertains to relativistic electron impact ionization

is presented here.
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3.4.1 Image Plates

Many of the diagnostics presented in this section use imaging plates (IP) to

record the data acquired on a given experimental shot. Image Plates are a type of

reusable film containing BaFI:Eu2+ phosphor embedded in a plastic casing. It is a film

that is sensitive to ionizing radiation whether it be from an incident photon, electron,

or ion. When an incident particle reaches the image plate, it produces electron-hole

pair, oxidizing the Eu2+, to Eu3+. The free electron then gets temporarily trapped in

the conduction band of the phosphor crystals. The amount of time that the electron

remains trapped depends on the ambient temperature and the amount of ambient light

reaching the exposed film. In order for the electron to recombine with the oxidized Eu,

the film is irradiated with red light (632.8 nm) which excites the electron allowing it

to escape the phosphor conduction band. When this happens, the electron releases a

blue photon (400 nm). This process is called photostimulated luminescence (PSL) and

is the unit of measurement for diagnostics utilizing image plates as detectors. More

information on image plates, including their absolute calibration procedure can be found

in Meadowcroft et al. [61].

3.4.2 K-Shell Ionization

When an electron, traveling with some kinetic energy, E , collides with an atom,

it will impart some of its energy to the atom. If the atom is fully ionized, this collision

will result in that energy being transfered to the nucleus of the ion itself. But, if there

are bound electrons on the ion, there is a probability that the colliding electron will

impart some of its energy on one of the bound electrons. When this happens, the kinetic

energy of the bound electron will increase by some amount depending on the colliding

electron’s kinetic energy and the properties of the collision that takes place. If the energy

imparted to the bound electron is small, small being relative to the potential energy of

the bound state that the electron is currently in, nothing will happen. But, if the energy

transferred to the bound electron exceeds the energy of the bound state, the electron

will be ejected from the atom leaving a vacancy. When a new electron fills this bound

state vacancy, energy will be released in the form of a photon. Specifically, if the collision

occurs with one of the innermost bound electrons (K-shell), the photon released from the

new electron transitioning to the K-shell is called a K-shell photon. Depending on the

initial shell that the transitioning electron comes from will determine the exact photon
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Figure 3.8: Atomic transitions to the K-shell of a copper atom.

energy that gets released. This process can be seen in figure 3.8 where a transition from

the M -shell to the K-shell results in what is called a Kβ photon and a transition from

the L-shell to the K-shell results in what is called a Kα photon. Depending on the

energy contained in the interaction of the electron’s spin with the electromagnetic fields

that develop from the electron’s orbit, the photon will have slightly different energies.

For Kα photons, there is a Kα1 photon with an energy of 8.047.78 keV and a Kα2 photon

with an energy of 8.027.83 keV.

After a K-shell photon has been created, it will not always escape the atom. The

photon can collide with the ion or the bound electrons and consequently give all of its

energy up to whatever it collides with. If the photon collides with a bound electron with

a binding energy lower than the K-shell photon’s energy, the electron will be ejected

from the atom. This effect, where an electron is emitted rather than a photon, is called

the Auger effect and the emitted electron is called an auger electron.

The probability that an energetic electron will collide with a K-shell electron

and produce a Kα photon (auger or otherwise) was first given by Bethe et al. [62].

Later, many studies were carried out to characterize the cross section of many elements
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Figure 3.9: Cu Kα cross section. Incident electron energy dependence of the cross
section for producing a Cu Kα photon.

[63, 64, 65] and then compiled together by Hombourger et al. [66]. The resulting equation

for the Kα cross section, QK , from Hombourger is as follows:

QK = nKπa
2
0Gr

(
Ry
EK

)CU
DU (3.8)

Where NK is the number of electrons in the K-shell. a0 is the first Bohr radius.

Ry is the Rydberg constant. EK is the minimum threshold energy for producing a K-

shell vacancy. CU is an exponent that depends on U . U is the ratio of the kinetic

energy of the incident electron to the threshold energy. And DU is a Taylor expansion

of Bethe’s original function, ln(U)/U , to second order with constants in each expansion

being modified to fit a linear interpolation of the experimental data. A plot of this

function for copper can be seen in figure 3.9.

One very interesting feature of Kα radiation is that it is emitted isotropically. In

other words, it has no spatial dependence on the directionality of the incident colliding

electron. The reason for this is fairly straightforward. The incident electrons are respon-

sible for producing the K-shell vacancy, not the Kα photon itself. The direction that

the photon is emitted depends on the orientation of the new electron that will transi-

tion into the K-shell such that the momentum of the two-body system (Kα photon and
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transitioning electron) is conserved.

In the specific case of copper, the Kα cross section is very flat within the range

of fast electron energies (1 − 3 MeV) relevant to Fast Ignition (see figure 3.9). This

makes copper K-shell spectroscopy a very power tool in diagnosing Fast Ignition related

experiments.

3.4.3 X-Ray Diffraction - Bragg’s Law

Measurement of Cu Kα was a primary goal in this experiment. As such, it was

very important to use diagnostics which could selectively measure only Cu Kα without

the broadband background which is produced in high intensity laser-solid experiments.

One way to do this is through x-ray diffraction utilizing Bragg’s law. Bragg’s Law

relates the angle of incidence and wavelength of incident electromagnetic radiation with

the lattice spacing of a crystal. In essence, one can selectively measure a particular

frequency of electromagnetic radiation simply by changing the angle of the crystal lattice

with respect to the incident radiation. Figure 3.10 shows a geometrical interpretation of

Bragg’s law of diffraction.

Here we see that the incoming electromagnetic radiation is parallel and in phase

until it reaches the crystal lattice. At this point, some of the incoming light is reflected,

while some keeps traveling to the next layer in the crystal. This light then reflects at

the next layer, increasing its total path length by an amount d sin θ before and after

reflection, where d is the spacing between crystal lattices and θ is the angle of incidence

of the electromagnetic radiation. This process results in a total path-length increase of

2d sin θ. Now, if light from both paths are to be in phase after reflection, the distance

2d sin θ must be an integer multiple of the wavelength, otherwise, the waves will cancel

out. From this, we get Bragg’s equation:

nλ = 2d sin θ (3.9)

Where λ is the wavelength of the incident electromagnetic radiation, and n is

an integer value designating the diffraction order of the reflected x-ray. Although the

geometrical interpretation leads to a very intuitive understanding of the principle, it isn’t

exactly physically accurate. In actuality, the atoms within the crystal lattice emit dipole

radiation isotropically from the driving incident x-rays. Because of the lattice spacing,

this isotropic radiation from the atoms cancels each other out when the light is out of
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Figure 3.10: Geometrical interpretation of Bragg’s law of diffraction.

phase, thus leading to the same relation as shown in equation 3.9.

Two diagnostics were used in these experiments which utilized Bragg’s law and

will be discussed in the following sections in more detail. The first was the Spherical

Crystal Imager (SCI) which uses a spherically bent crystal allowing it to make two-

dimensional images of a narrow band of x-rays satisfying the Bragg relation. The other

was the Zinc von Hamos spectrometer (ZVH) which utilized a long crystal oriented along

the radial axis from the target which resulted in a dispersion of x-rays due to different

angles of incidence along the crystal with respect to the target.

3.4.4 Spherical Crystal Imager

The Spherical Crystal Imager (SCI)[67, 68] is a spherically bent, x-ray imaging

device tuned to measure copper Kα radiation in two-dimensions. The ability to specif-

ically measure Cu Kα is due to it satisfying Bragg’s law, while the spherical shape of

the crystal itself allows it to act like a lens for imaging. With this, the SCI can create

two-dimensional images from x-rays emitted by the imaging object. The x-rays must be

within the energy band satisfying the Bragg relation.

In order to satisfy Bragg’s equation with a spherically bent crystal, the crystal

must be positioned at an angle θ = sin−1(nλ/2d) with respect to normal from the imaging

object. Because of this, comatic aberration is an inherent issue that must be minimized
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Figure 3.11: SCI alignment with respect to object and image planes. Image courtesy
of Akli et al. [69].

with this diagnostic. Comatic aberration is based on the fact that, for a spherical optic,

light reaching the outer part of a lens has a shorter focal length than light from the

inner part of a lens. Comatic aberration comes into play when the object is placed off of

the lens axis. When this happens, the varying focal points as a function of lens radius

no longer share a common axis. The resulting image, if one were to image a circle for

example, is a comet-like structure.

To mitigate this effect, one must choose a crystal with lattice spacing such that

the angle of the crystal imaging axis is minimized, which means θ is as close to 90◦ as

possible. Assuming that the wavelength of light is fixed (ie. we want to measure Cu

Kα only) this can be done two ways. First, change the crystal lattice spacing. In other

words, find a material with a lattice spacing very close to the wavelength of the light

being imaged. Or, increase the diffraction order, n. For example, by measuring in second

order, we must double the value of sin θ in order to keep the wavelength constant. This

is what is done when measuring Cu Kα with the SCI using a 211 Miller index quartz

crystal with a lattice spacing of 1.54 Å which results in a Bragg angle of 1.32 ◦ from the
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Figure 3.12: Comparison of the x-ray backlit image of the target with an SCI image of
the target during implosion from the driver beams.

normal axis to the crystal.

Figure 3.11 shows the general setup of the SCI where the crystal is imaging x-rays

produced from the image object, in this case referred to as the “Source”, then reflecting

off the crystal and onto either a CCD camera or x-ray film. As can be seen in figure 3.11,

there is a range of angles between the source and the crystal due to the finite size of the

crystal itself. Because of this, the size of the aperture along with the source-to-crystal

distance determines the range of angles (θmin to θmax) which in turn determines the

bandwidth of x-ray energy that will be imaged. In the case of the SCI on the OMEGA

facility, with an aperture of 1.6 cm, the bandwidth is about 6 eV centered at the Cu

Kα line energy. The radius of curvature of the crystal used here was 50 cm, and with

an image distance of 26.7 cm, and an object distance of 400 cm, this corresponded to

a magnification of 15. The image plates were scanned at a resolution of 25 µm, which

means the true distance per pixel on the image plate was 1.6 µm.

The resulting image produced from the SCI imaging Cu Kα fluorescence can be

seen in figure 3.16b. Here we have an image of one of the targets used in this dissertation

as it is imploded by the OMEGA driver beams. Also shown in figure 3.16 is an x-ray

backlit image of the intact target for comparison. Comparing the two images, the utility

of this diagnostic becomes clear. By tuning this diagnostic to image narrow band x-

rays centered at the Cu Kα line energy, very detailed information about the location of

where Cu Kα photons are being produced can be made. Since Cu Kα photons will be
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produced by the OMEGA-EP-produced fast electrons, very precise measurements can

be made of the location of these fast electrons as they transport through the target and

hence, information of the spatial energy deposition.

Because of the complexity of this diagnostic, and the fact that its first use ever

in the OMEGA target chamber was during the first campaign of this dissertation work,

many unforeseeable problems arose that ultimately made the first campaign unsuccessful

in terms of meeting experimental goals. As a result, the first campaign proved to be

an excellent learning experience about the performance of the diagnostics used in this

dissertation. Because of this, the results of the first campaign will be discussed here in

the form diagnostic improvements rather than in chapter 4, where these improvements

ultimately led to the success of the remaining three campaigns.

Temperature Sensitivity

One complication with this diagnostic is line shifting of the Kα line. With such a

narrow bandwidth (6 eV), any shifting of the Kα line will cause the photons to no longer

satisfy the Bragg relation and therefore will not be detected by the SCI. One way that

line shifting can occur is from increases in the bound electron temperature of the Cu

atoms. When this happens, Doppler broadening will broaden the line width of the Kα

signal shifting some portion of it out of the SCI’s collection bandwidth. Additionally,

as the electron temperature gets higher, the Cu atoms will begin to ionize. When this

happens the binding energy of the electrons bound to the Cu atom will shift, therefore

shifting the Kα line energy. To quantify this process, simulations were done by Sawada

et al. [70] using the zero-dimensional atomic physics code, FLYCHK [71]. In these

simulations, the electron temperature was varied from 10 eV to 400 eV looking at the Cu

Kα spectral line. It was then put into a practical context by convolving the resultant

spectral line with the SCI detection efficiency bandwidth to measure the efficacy of the

SCI in measuring Cu Kα as a function of electron temperature. The results of this

analysis can be seen in figure 3.13 with the results normalized to the detection efficiency

of the SCI for cold Cu.

The results, as reported by Sawada et al. [70], show an insignificant reduction

in the collection efficiency for electron temperatures up to 50 eV. For an electron tem-

perature of 82 eV, the collection efficiency reduced by 10%. At 100 eV the collection

efficiency reduced by 20%. For extremely high temperatures, above 250 eV the collec-
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Figure 3.13: SCI temperature sensitivity to Cu Kα collection efficiency normalized to
the collection efficiency when imaging cold Cu atoms.

tion efficiency is significantly reduced, by more than 90% making measurements of the

Cu Kα line emission of a high temperature Cu plasma unfeasible. A polynomial fit was

applied to the analysis of the form:

fSCI(keV ) = exp
[
−3.5T 2

e + 220T 3
e + 320T 4

]
(3.10)

As will be seen later in this dissertation, this equation played a very important

part in post-processing of simulated data to better compare with the experimental data

using the SCI. With simulated temperature profiles of the assembled core, one could

use this equation to determine the actual amount of Kα photons that would have been

detected by the SCI given the temperature of the material at a given position in the

simulation.

Beam Block

The beam block is a piece of heavy metal (in this case, tungsten) that is meant

to block direct light from the Kα x-ray source. This point can be made more clear when

looking again at figure 3.14 where there is a direct line-of-sight from the source to the

image plate. Given that the SCI reflection efficiency is on the order of 10%, and that
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Figure 3.14: Alignment issues of SCI beam block. On the left, Spherical Crystal Imager
data showing the beam block not entirely blocking the light coming from the target on
the left edge. On the right, line-of-sight analysis of the original beam block dimensions.
Red dotted lines correspond to the line-of-sight with a perfectly aligned target and beam
block. Blue dotted lines show the line-of-sight with the beam blocked only shifted 0.5 mm
corresponding to half of its total allowable tolerance.

the SCI is farther away from the image plate than the source is, and that the source

is emitting broadband radiation, the total signal produced by the source is orders of

magnitude greater than the signal produced by the SCI. Because of this, direct line-of-

sight from the source to the image plate must be completely blocked in order for the SCI

to function properly with good signal-to-noise.

On the first experimental campaign, it was realized that the beam block was not

entirely blocking all of the signal from the source. This can be seen in figure 3.14 where

there is a bright crescent on the left side of the image. This bright crescent comes from

direct radiation from the source itself rather than being reflected off of the SCI. Since

the signal from the source is so high, the image of the target (plastic sphere with 100 nm

coating of Au) on the left-hand-side of the image is partially lost. This particular target

was much smaller than the primary cone-in-shell targets used meaning this issue was

exacerbated when using the primary targets of this dissertation work.

To remedy this for the remaining campaigns, the beam block was redesigned to

better match the needs of the large targets used here. To do this, first a line-of-sight

analysis was done with the current beam block and the large cone-in-shell targets to
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understand the necessary beam block diameter needed to ensure that all of the direct

line-of-sight from the target will be blocked even at the maximum of the alignment

tolerances of both the beam block and the target. A plot of this line-of-sight analysis

can be seen in figure 3.14 on the right hand side. Here we have the positions of the target

(at the origins with total length along the y-axis of 2.4 mm), the beam block (positioned

25 mm away from the target towards the image plate) and the image plate (positioned

3730 mm away from the target). Plotted alongside are ray-traces showing the maximum

coverage that the beam block would have if it were perfectly aligned (red dotted lines)

and ray-traces of the coverage if the beam block were misaligned by ±0.5 mm, which

shows direct line-of-sight signal reaching all the way to the edge of the image plate.

With the quoted image plate alignment tolerance of ±1 mm, it is clear that the beam

block used in the first campaign was too small for the targets used here. To fix this the

beam block size was increased such that the tolerance in the beam block alignment was

matched with the tolerance of the line-of-sight measurements. This corresponded to an

increased in the beam block diameter from 3.6 mm to 7.2 mm.

Electron Deflector

In addition to light reaching the image plate directly from the target, energetic

electrons produced from the ablating shell plasma could also reach the image plate.

During the implosion process of the shell, the coronal plasma can reach distances as far

a few hundred microns away from its original, un-ablated position. These electrons can

then travel to the image plate and increase the overall noise measured on a given shot. In

order to reduce this effect, a permanent magnetic was placed along the line-of-sight axis

from the target to the image plate which could deflect high energy electrons away from

the image plate prior to reaching the image plate. The design of the electron deflector

and position along the target/image plate axis can be seen in figure 3.15. The electron

deflector had a magnetic field strength of 0.5 T with a constant field strength to within

10% and was 5 cm long along the axis from the target to the image plate.

To calculate the maximum electron energy which will still be deflected by the

electron deflector, we start by noting that the minimum acceptable angular deflection

would require the electron to be deflected just to the outside of the image plate which

has a radius of 3 cm. The electron deflector was positioned 100 cm away from the image

plate which therefore corresponds to an angular deflection of 30 mrad. This angle is then
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Figure 3.15: SCI electron deflector design. The deflector was housed on the LOS block
TIM for the SCI diagnostic.

the fraction of the Larmor orbit that an electron must travel while within the magnetic

field of the 5 cm long electron deflector.

p =
qBLedef

sin θ
→ E =

√
p2c2 +m2c4 = 250 MeV (3.11)

Where q is the electron charge, B is the magnetic field of the electron deflector,

θ is the amount of angle that the electron will be deflected along its Larmor radius,

and Ldef is the length of the magnet in the electron deflector along the target/image

plate axis. Here we see that with a 0.5 T magnet, electrons with energy as high as

250 MeV will be defelected away from the image plate. Being able to deflect hundred-

MeV electrons from reaching the target is quite significant and also sufficient considering

that the coronal plasma temperature will be on the order of a keV.

Improvements

With the improvements to the beam block and the addition of an electron de-

flector after the first campaign, the second campaign saw incredible improvements to

the SCI data. For comparison, figure 3.16 shows an SCI image of an OMEGA-only di-

rect drive shot (spherical shell target with no reentrant cone) taken with identical laser
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Figure 3.16: Comparison of SCI data before and after improvements, including the
electron deflector and the larger beam block. Lineouts of SCI data for shots from FY11
and FY 12. FY11 shots did not have an electron dump and the beam block was much
smaller in diameter and length.

parameters for the first and second campaigns. The far left image was taken on the

first campaign and shows a much noisier signal with the RMS of the background being

0.009 PSL. The middle image, taken on the second campaign shows a much smoother

profile with an RMS of 0.002 PSL, corresponding to an overall improvement by more

than a factor of four. Additionally, the flat-field background was significantly reduced.

In the first campaign, the background was 0.039 PSL for this particular shot. In the

second campaign, the background was reduced to 0.003 PSL, which corresponds to more

than an order of magnitude improvement. These features can be seen more clearly in

the far right plot of figure 3.16, which shows a lineout along the horizontal axis at a

position of 0 mm along the y-axis for both the first (before improvements) and second

(after improvements) campaigns.

3.4.5 Zinc von Hamos Spectrometer

The Zinc von Hamos spectrometer (ZVH)[72] is a crystal spectrometer utilizing

Bragg’s law that spectrally measures x-ray radiation in the 7−10 keV range (centered at

Zinc’s Kα line at 8.64 keV). In particular, the ZVH uses a crystal which is cylindrically

bent along the non-dispersive axis causing the x-ray signal to be focused onto the image

plate. Additionally, the crystal used is highly oriented pyrolytic graphite (HOPG), which

has the highest known integrated reflectivity, on the order of 3 mrad. The result of this,

is a very high collection efficiency which is crucial in context of the work presented here

because of the relatively low levels of copper at 1% atomic density in the shell. Figure
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Figure 3.17: CAD drawing of the ZVH design including crystal and image plate location
with respect to TCC. Image courtesy of T. Döppner from Lawrence Livermore National
Laboratory.

3.17 shows a schematic of the spectrometer design.

Similar to the SCI, the ZVH image plate also needed to be shielded from direct

radiation coming from the target to the image plate. To do this, the housing of the

spectrometer is made of 6.35 mm thick lead. But with such a large amount of high-Z

material so close to the image plate, fluorescence from the housing walls can still be a

significant problem. To remedy this, the inner walls of the housing consist of a multilayer

structure which includes 500 µm copper, 150 µm stainless steel, 500 µm aluminum, and

750 µm Polyethylene which sufficiently mitigates the potential for high-Z fluorescence.

Along the target/image plate axis, there is an additionally 25.4 mm of lead which serves

as an additional shield for high laser intensity experiments which are prone to producing

very high x-ray fluxes.

The HOPG crystal was 25 mm wide by 50 mm long and 300 µm thick with a

radius of curvature in the non-dispersive direction of R = 45 mm. For 300 µm thickness,

the mosaicity, γ of the crystal was quoted to be 0.4 ° ≤ γ ≤ 0.8 °. The spectrometer

geometry is determined by the center energy Eo and the Bragg equation as follows.
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Figure 3.18: ZVH raw data (in PSL) produced from a Cu foil target on OMEGA-EP,
highlighting a lineout of the data with a line width of 100 pixels.

n
hc

Eo
= 2d sin θB, (3.12)

Where λ is written in terms of the center photon energy, Eo, of the spectrometer.

The lattice spacing of the HOPG crystal is d = 3.35 Å corresponding to a Bragg angle

of 12.4 ° at the center energy. With a given radius of curvature, R, the distance of the

crystal from the source can be derived to be f = 215 mm. To derive the dispersion we

first consider that the spatial coordinate x on the detector depends on the photon energy

through the Bragg angle, with xo a constant offset.

x = xo +
2R

tan θB
(3.13)

Taking the derivative of equation 3.13 yields dx/dθB = 2R/ sin2 θB. On the other

hand the derivative of the Bragg relation can be written as dE/dθB = E cot θB. When

combining these two equations we get the relation for the dispersion of the spectrometer.

dE

dx
=
E sin(2θB)

4R
. (3.14)

Hence at the center energy of 8.6 keV, the dispersion is 20.1 eV/mm while the

dispersion is 21.4 eV/mm at the copper Kα line and 19.4 eV/mm at the copper Kβ line.

Note that for small Bragg angles the dispersion only weakly depends on energy since

equation 3.14 collapses to dE/dx = nhc/4dR due to sin(2θB) ∼ 2 sin θB.

Since the dispersion depends on alignment, accurate characterization of the spec-

tral dispersion is very important and can be performed in situ by recording the spatial

separation distance of copper Kα (8.048 keV) emission and the copper Kβ (8.905 keV)

emission (assuming copper is present in the irradiated target). Figure 3.18 shows an

example of the copper Kα and Kβ signals on the image plate film from a typical shot on

OMEGA-EP.

In addition to the strong line emission, a weak bremsstrahlung spectrum is mea-
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sured which is well focused to a line along the center of the image plate. The full width

at half maximum of the line focus is ∼ 1.7 mm. For comparison, the minimum achievable

focus size is given by

∆y = 2R tan γ. (3.15)

The observed focal width suggests that the mosaicity, γ, of the HOPG crystal is

slightly larger than the quoted range. For example, for γ = 1.0 ° equation 3.15 predicts

∆y = 1.6 mm. Assuming a displacement of the detector from focus by 10 mm, this value

would increase to 2.0 mm. The alignment accuracy of the spectrometer is then given by

a 1 mm diameter ruby tip on the alignment pointer and is accurate to within ±0.5 mm.

This leads to a worst case scenario error in the focal length of ±5 mm.

The ZVH was absolutely calibrated[4] against a single photon counting cam-

era on a previous experiment on both the OMEGA-EP Laser Facility and the Titan

Laser Facility using copper foils with in situ calibration measurements. Results show a

conversion from copper Kα in units of photostimulated luminescence (PSL) to photons

per steradian of 1.95 × 105 ph/(sr · PSL). The absolute calibration of the ZVH made it

possible to compare experimental copper Kα yield with simulated copper Kα yield.

Absolute Calibration

To absolutely calibrate the ZVH spectrometer’s response to 8.048 keV radiation,

experiments were carried out on the OMEGA-EP facility using the ZVH, calibrated

against a single-photon counting camera (section 3.4.5) and on the Titan laser facility,

calibrated against the DC-HOPG spectrometer (section 3.4.5) which had been previously

absolutely calibrated against a single-photon counting camera [73]. The calibration is

for the Cu Kα line only.

Analysis Procedure

As stated previously, this calibration is based on comparing the integrated Cu

Kα yield in PSL from the ZVH with an absolutely calibrated diagnostic’s Cu Kα yield

in photons per steradian, resulting in a calibration constant with units of ph/(sr ·PSL).

Because differences in analysis procedures of diagnostics can lead to different results, the

analysis procedure used in the ZVH’s calibration has been outlined here so that future

ZVH data can use the empirically measured calibration constant from this data set.
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Firstly, the ZVH spectrum is recorded on FUJI Film BAS-MS image plates,

which are the least susceptible to temporal and temperature induced fading prior to

scanning[61]. It is then scanned on a FUJI Image Plate Scanner FLA3000 after waiting

30 minutes from the time the laser was shot. The importance of scan time and how it

relates to PSL signal decay can also be found in [61]. The resulting scanned image of the

Photostimulated Luminecence (PSL) from the image plate can be seen in figure 3.18.

Unlike the DC-HOPG, or other flat crystal spectrometers, the ZVH is cylindri-

cally bent in the non-dispersive direction. This means the signal in the non-dispersive

direction is not uniform (see figure 3.19a). With a uniform signal, one can take an average

of the signal along the non-dispersive direction with the choice of line width only a mat-

ter of optimizing signal-to-noise[73]. With the ZVH, averaging along the non-dispersive

direction with arbitrary line width will result in PSL yields scaling inversely with the

choice of line width. In an attempt to remove the choice of line width as a source of error

in the analysis, it was decided that the data be integrated along the non-dispersive axis

rather than averaged. By doing this, one can take any choice of line width (presumably

containing all the of signal data) and have yields that are consistent with the yields

from this calibration. In order to get all of the data, the width of the ZVH signal was

measured and can be seen in figure 3.19a. The width in the non-dispersive direction was

fit to a Gaussian with a standard deviation of 17.5 pixels. Given this, it is recommended

that a line width of at least 70 pixels or 2 standard deviations of the measurable data

in the non-dispersive direction, be used. The data shown here and used for calibration

used a line width of 100 pixels.

Once a lineout of the data of sufficient width has been acquired, the signal back-

ground and emission continuum need to be subtracted from the spectrum. To do this,

a 9th order polynomial function is fit to the regions of the spectrum where there is no

line emission such as Cu Kα, Cu Heα, Cu Kβ in the case of a Cu target. The choice

of using a polynomial of order 9 comes down to the number of inflection points within

the continuum, and overall consistency within the analysis procedure. The shape of the

continuum from shot-to-shot can have some variability in the number of inflection points

which could result in a low correlation between the continuum fit and the continuum data

itself if lower order polynomial fits are used. The 9th order polynomial fit can be seen

in figure 3.19b along with the raw data and the continuum and background subtracted

data.
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Figure 3.19: ZVH analysis procedure. (a) Lineout of ZVH data in PSL taken along the
non-dispersive axis (perpendicular). (b) Lineout of ZVH data taken along the dispersive
axis using a pixel width of 100 pixels (in the non-dispersive direction). Cu Kα and Kβ

as well as ionic line emission (Heα) can be seen. (c) ZVH spectrum produced from a
Cu foil target on OmegaEP highlighting a lineout of the data with a line width of 100
pixels.

After subtracting the continuum and background from the lineout, the resulting

image should be purely line and ionic line emission. In the case of a pure Cu foil target,

Lyα and Heα lines will begin to “bleed” into the Cu Kα line. To correct for this, a

Gaussian function is fit only to the low energy side of the Kα line and then mirrored to the

high energy side of the Kα line. The Gaussian fit to the Cu Kα line can be seen in figure

3.19c where the χ2/DoF is 3.8 × 10−3 with a standard deviation of 30 eV. Integrating

this resulting Gaussian with over the entire range of the Guassian fit (assuming the

function does not contain a constant Yo and hence asymptotically approaches zero far

from the peak) yields the total PSL of copper Kα on the image plate. In order to

compare with either the SPC or DC-HOPG, opacity corrections were made for both the

diagnostic filters and the target itself. Opacity correction for the filters is straightforward

using predefined material opacities and tabulated densities. The opacity for the target is

slightly more complicated. Here we assumed that the target, in our case a simple Cu foil,

is emitting Cu Kα uniformly throughout the target and also isotropically[74]. With this

assumption, the target opacity is accurately described by integrating the transmission

function along the line of sight to the diagnostic. In this case our transmission function

takes the following form:
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Figure 3.20: Background subtracted SPC data from OmegaEP with Gaussian distri-
butions fit to the Kα, Heα, and Kβ lines. Image courtesy of W. Theobald from the
Laboratory for Laser Energetics.

τ = e−κνρx −→ τop =
1

κνρx

(
1− e−κνρx

)
(3.16)

Where τop is the average transmission across the entire target and x is the tar-

get thickness after correcting for the diagnostic viewing angle, κν is the photon-energy

dependent material opacity and ρ is the material density.

In order to get an empirically measured calibration constant, the integrated ZVH

Cu Kα (in PSL) are compared with the integrated Cu Kα (in ph/sr) from a calibrated

diagnostic. Assuming the y-intercept of the slope fit is set to zero, a single point is

sufficient to get a calibration constant. Although due to large shot-to-shot variation,

using multiple shots is more reliable and was used here.
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Figure 3.21: ZVH/SPC calibration on OMEGA-EP. Correlation between the absolutely
calibrated integrated SPC data and the integrated ZVH data taken on OmegaEP

Absolute Calibration Against Single Photon Counting Camera

The absolute calibration of the ZVH against a SPC camera was performed on the

OMEGA-EP facility. Both diagnostics were run concurrently on that shot day taking

five shots with laser energies ranging from 211 to 677 J with a pulse length of 9.0±0.1 ps

and a laser spot radius of 30 µm containing 80% of the laser energy. Targets were simple

500 µm × 500 µm × 25 µm copper foils. The ZVH was positioned in TIM 11 while the

SPC was positioned in fixed port 91, both of which were viewing the back side of the

target opposite to the laser. The diagnostic locations were such that the ZVH had an

effective viewing angle of 49 ° with respect to backside target normal and the SPC had

an effective viewing angle of 16.8 ° with respect to backside target normal.

The SPC used SI-800 CCD model that was equipped with a back-illuminated

chip from e2v Technologies, comprising a 16 µm thick depletion layer. The CCD spectral

resolution at 8 keV was not sufficient to resolve the fine transitions (Kα1 and Kα2). An

absolute calibration was performed in Ref. [75] for SPC applications of the same camera

model and chip used in this experiment. Assuming this calibration for the CCD, an

efficiency of 3.10% was inferred for 8.05 keV x-ray photons when using the standard
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histogram analysis method [75]. The calibration error of the SPC is 20%.

The calibration factor was calculated by taking the integrated yield data for both

the ZVH and the SPC and plotting the SPC data as a function of the ZVH data. A linear

fit of the form f(x) = A·x was applied with the value of A being the calibration constant.

In the case of absolute calibration of Cu Kα, the calibration constant is 1.95×105±20%

ph/(sr · PSL). The fitting of the data can be seen in figure 3.21, where the red region

corresponds to the error of both the ZVH and the SPC added in quadrature.

Cross-calibration Against DC-HOPG

The cross-calibration of the ZVH was done on the Titan Laser Facility at Lawrence

Livermore National Laboratory using a DC-HOPG that had been absolutely calibrated

previously against a Single Photon Counting camera. Both diagnostics were run con-

currently on shots during the experiment with the calibration being based on 14 total

shots with energies ranging from 39.8 to 146.9 J with a pulse length of 0.7 ps and a

HWHM spot size of 11± 2 µm. Targets were 500 µm× 500 µm× 25 µm copper foils with

an additional 1 mm thick carbon layer on the backside of the target with effective trans-

mission at 8.048 keV of 18.4% and 33.2% for the ZVH and SPC respectively due to the

positioning with respect to rearside target normal. The diagnostics were positioned on

the rear side of the target opposite to the laser with viewing angles of 56.03 ° and 30.92 °

with respect to rearside target normal for the ZVH and SPC respectively.

The error in measurement of the calibration factor for the cross-calibration is

slightly higher than for the absolute calibration on OMEGA-EP because the error in the

absolute calibration of the DC-HOPG was added to the cross-calibration error.

Results for calibration factor of the ZVH for the cross-calibration against the DC-

HOPG are 3.28 × 105 ± 30% ph/(sr · PSL). This result is in agreement with the result

from the absolute calibration within the error bars associated with both calibrations.

It should be noted that the calibration of the DC-HOPG from the spc was based on

two experimental shots making this calibration much less reliable than the ZVH to SPC

calibration on OMEGA-EP where the absolute calibration was performed in situ on

each shot. Given the added error associated with cross-calibration, the results from the

absolute calibration should be trusted more.
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Figure 3.22: ZVH/HOPG calibration on Titan. Cross-calibration between the ZVH
spectrometer and the DC-HOPG, that had been absolutely calibrated before[73].

3.4.6 Electron Spectrometer

An electron spectrometer is a diagnostic that energetically disperses electrons

onto a detector so that the distribution of electrons can be inferred. The primary elec-

tron spectrometer used in this dissertation work was the Osaka University Electron

Spectrometer (OU-ESM) [76] which consisted of five electron spectrometers (channels)

that were angularly separated so that the angular distribution of the fast electron source

could be inferred, in addition to the energy spectrum. The OU-ESM utilizes the elec-

tron’s charge to energetically disperse them which we can see by looking at the Lorentz

force equation which is rewritten here from section 2.2.2 for convenience.

FEB = −e(E +
v

c
×B) (3.17)

Equation 3.17 shows that in order to energetically disperse electrons, one must

either apply an electric field or a magnetic field to the moving electrons which will cause

slower moving electrons to be more deflected than faster moving electrons and thus

disperse them. In the particular case of the diagnostics discussed here, a magnetic field

is used. Rather than using an electromagnet which requires an external energy source, a
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Figure 3.23: Dispersion of an electron spectrometer with a 0.5 T magnet. Very low
energy electrons have a gyroradius of less than a centimeter meaning they do not reach
the image plate before turning around. Higher energy electrons, with larger gyroradius
reach the image plate and are energetically dispersed along the image plate.

permanent magnetic is used which eliminates the possibility of diagnostic failures do to

high-intensity laser pulse produced EMP. From equation 3.17, and assuming a uniform

magnetic field, the energetic dispersion of electrons as a function of position, x, along

the image plate is as follows.

E(x) = m0c

√(x2 + h2

2h

)2( eB

m0c

)2

+ 1− 1

 (3.18)

Where h is the height of the entrance window for the electrons to enter the

diagnostic, E is the electron kinetic energy, e is the electron charge, B is the magnetic

field of the diagnostic, m0 is the electron rest mass, and c is the speed of light in vacuum.

The process of electrons being deflected onto an image plate can be see in figure 3.23.

Figure 3.23 is the output from an explicit, PIC program (written by the author) that is

used to determine the exact dispersion of an electron spectrometer diagnostic based on

the two-dimensional magnetic field profile (rather than a constant field, as was used in

equation 3.18). Here we see the program following the path of the electrons from the

aperture window (x = 0 cm, y = 1 cm) until they reach the image plate plane (y = 0).

For very low energy electrons, we can see that electrons will not reach the image plate.

With the aperture window positioned 1 cm away from the image plate in the vertical

direction, this means that electrons with a Larmor radius smaller than 1 cm will never
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Figure 3.24: Example data from the OU-ESM diagnostic showing 5 channels of different
angular divergence with respect to TCC which energetic disperse electrons.

reach the image plate and instead just remain in a circular orbit until their kinetic energy

is lost due to some other process such as collisions.

Example data taken from an experimental shot in this dissertation can be seen

in figure 3.24. Here we can see the 5 channels and the respective angles with respect to

the target. The exact design and characteristics of the OU-ESM and can be found in

Iwawaki et al. [76].

3.4.7 Neutron Time-of-Flight Detector

The specific Neutron Time-of-Flight detector (nTOF) [77, 78] used in this dis-

sertation was the La Cave, which consists of a 6 inch by 8 inch long liquid scintillator

volume which is then coupled to a photomultiplier (Photek gated PMT-240). The di-

agnostic has a dynamic range of 107 to 1010 neutrons. When neutrons are produced

from the deuterium atoms fusing together within the assembled core of the target, the

neutrons are emitted isotropically. Some fraction of those neutrons reach the nTOF
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Figure 3.25: Example data from the nTOF diagnostic showing the initial flash the
implosion driven x-ray flash followed by a second peak, 200 ns later, corresponding to
the measured DD neutrons with a kinetic energy of 2.45 MeV. Figure courtesy of Glebov
et al. [78].

diagnostic where a fraction of those neutrons collide with the scintillator material which

made of oxygen-saturated xylene. The oxygen is important because it quenches the long

afterglow component of the scintillating material. The scintillator then releases a photon

which gets converted into an electron via the photoelectric effect in the photomultiplier

tube’s photocathode. This electron then gets accelerated towards a dynode where it

collides with the dynode producing many more electrons. In the dynoode stage of a

photomultiplier tube, there are many dynodes, each having a higher voltage than the

previous, which allows it to produces more and more electrons with each successive dyn-

ode. This amplification of the total number of electrons results in a detected pulse of

current produced for each photon produced by the neutron interaction in the scintillator.

The nTOF has a particular advantage over standard neutron detectors in that it

measures the neutrons temporally. With this, the total neutron yield can be inferred as

per usual with neutron diagnostics, but also the time at which the neutrons arrive. This

is particularly useful when inferring the ion temperature of the assembled core. As the
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assembled core temperature increases, Doppler broadening will occur where some DD

neutrons will be created in a reference frame with a significant amount of velocity in the

opposite direction from the nTOF diagnostic. What this means is the neutron’s velocity

in the laboratory frame will be downshifted slightly, causing it to take more time to get

to the detector. Additionally, the opposite of this will occur where some neutrons will

have a slightly upshifted velocity as perceived in the laboratory frame. The net result is

a broadening of the spike in neutron yield that is directly related to the ion temperature.

In the experiments discussed in this dissertation, the shells consisted of a plastic

(CH) ablator layer followed by a Cu-doped deuterated plastic inner fuel shell. With the

deuterated plastic shell, DD neutrons were produced. By using a non-deuterated ablator,

the total number of neutrons produced in the coronal plasma would be greatly reduced

meaning the detected neutrons on the nTOF would be purely attributable to core heating

either from the OMEGA driver beams imploding the shell, or be the OMEGA-EP beam

producing fast electrons which deposit their energy into the assembled core.

3.4.8 X-ray Pinhole Camera

The last diagnostic to be discussed here is the X-ray Pinhole Camera (XRPHC).

The XRPHC is a very simple diagnostic based on the pinhole camera concept. Generally

speaking, a pinhole camera is a camera consisting of only an aperture and the film

required to record the image. There are no lenses required to focus the image onto the

film. This is made possible because the aperture is so small (hence the name, pinhole)

that light, coming from a particular point on the object, can only take one path through

the pinhole to get to the image. If the pinhole were larger, the light could take a path

through the top portion of the pinhole and the bottom portion of the pinhole while

still reaching the image which would cause the image to defocus. More specifically, the

pinhole needs to be on the order of the product of the focal length of the pinhole camera

and the wavelength of light being imaged. The optimum diameter, d, of a pinhole is

given by the following formula.

d =
√

2fλ (3.19)

Where f is the focal length of the pinhole camera setup and λ is the wavelength

of light being imaged. In the case of an x-ray pinhole camera, filters are used to block

out optical light and also limit the spectral band of x-rays being measured. In the case
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Figure 3.26: Diagnostic response of the XRPHC. Spectral bandwidth is limited by the
transmission of 6 mils of Be on the low end of the energy spectrum while limited of the
quantum efficiency of the CCD chip on the high end.

of the experiments discussed here, beryllium filter, 6 mils thick was used as the filter in

front of the pinhole. The transmission curve for 6 mils of beryllium can be seen in figure

3.26. To detect the x-ray photons, a Charge-Injection Device (CID)[79] (manufactured

by CID Technologies, Inc.) was used. A CID works similarly to a Charge-Coupled

Device. The pixels in the CID have dimensions of 38.5 µm2 with an overall array size of

31.3× 23.2 mm. Within each pixel there are two storage areas for electrons which have

been ejected from their bound state due to an incident x-ray photon. To accumulate

these electrons, a voltage bias is applied simultaneously to both storage areas which then

injects the stored electrons to a substrate layer. These electrons are then stored in this

substrate layer under a negative bias until the bias is changed which sends the electrons

to a preamplifier which then gets processed digitally. Bias voltage on the substrate

layer oscillated at 500 Hz, which is relatively fast for typical CID usage. This was done

because the CID’s were run at room temperature, which necessitated high-speed readouts

to minimize dark current in the detectors.

The dynamic range of the XRPHC proved to be very helpful in diagnosing these

experiments. The reason for this was because its range is very close to the Cu Kα line

energy which the SCI was detecting. The XRPHC is then detecting two-dimensional
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images of the braodband radiation very close to the SCI detecting band. Because of this,

comparisons between the two diagnostics could be made to better understand exactly

what signal we are seeing. For example, the SCI is not only detecting Cu Kα photons,

it is detecting all photons with energy 8.048± 6 keV whether they are produced through

bremsstrahlung or Kα emission. Because of this, it is important to understand the

contribution that each production mechanism makes. This will become more clear in

the following section where an analysis of the two diagnostics is made.
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Chapter 4

Fast Electron Transport and

Spatial Energy Deposition in

Cu-doped Imploded Plasmas

4.1 Experimental Overview

The experimental results are discussed here. To reiterate, 54 of the 60 OMEGA

beams (330 J/beam corresponding to 22 kJ of total energy) were used to compress the

copper-doped, deuterated plastic shell while the OMEGA-EP beam was then injected

onto the inner cone tip of the geometrically reentrant gold cone, generating MeV electrons

which then transport to the compressed core and produce copper Kα photons while

depositing their energy into the compressed core. Previous work [35] and rad-hydro

simulation of the imploding shell helped guide the choice of timing between the OMEGA

beams and the OMEGA-EP beam. As was shown previously, a delay of 3.65 ns from the

start of the OMEGA beams and the start of the OMEGA-EP beam, using 1 kJ of energy

in the OMEGA-EP beam, corresponded to a peak in neutron yield enhancement by a

factor of ∼ 4 from the nominal neutron yield produced from the OMEGA driver beams

alone. The experiments discussed here were designed to follow the same parameter space

as the previous experiment to ensure the success of the experiment while also building a

robust, collaborative data set. One addition to the parameter space was an energy scan

of the OMEGA-EP beam. With the addition of a copper dopant, a more precise scaling

of the OMEGA-EP energy deposition could be made using the fast electron induced

113
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copper Kα radiation.

Additionally, it should be reiterated that there were four total shots days on

the OMEGA/OMEGA-EP facility over the course of three years. The first experiment,

in fiscal year 2011, was relatively unsuccessful. There were many unforeseeable issues

with diagnostics that ultimately made drawing conclusions from the data difficult. As

such, the data from fiscal year 2011 is not shown here, rather, it was shown in chapter

3 in the form of diagnostic modifications for improving data acquisition. With one

year to prepare for the next experiment, in fiscal year 2012, the vast majority of the

diagnostic issues were resolved to the point where the experiment could be considered

officially successful. The third experimental campaign, in fiscal year 2013, remained

largely similar to the second campaign in terms of target design and laser configuration

except that the OMEGA-EP laser had been improved by the facility. The result of these

facility improvements was an improvement to the laser contrast by a factor of 200. This

factor of 200 improvement to the OMEGA-EP contrast meant the preformed plasma

within the gold cone would be significantly reduced thereby allowing a much cleaner

interaction of the OMEGA-EP main pulse with the inner cone tip of the gold cone.

The result of the third campaign was another officially successful experiment. Lastly,

the fourth campaign, in fiscal year 2014, consisted of significant modifications to the

target design and laser configuration. With two successful campaigns completed, there

was a better understanding of the target design limitations which could be mitigated

with slight modifications to the target and laser configurations. The results from the

second and third campaigns showed that the cone tip diameter needed to be increased

in order for the OMEGA-EP beam to be able to directly interact with the cone tip

itself. Also, modeling of the target implosion showed that higher areal densities needed

to be achieved to efficiently coupling the fast electron energy to the assembled core. To

achieve this, the air contained within the target shell was evacuated. By doing this there

would be no back-pressure from the compressing air inside the shell on the shell itself.

And, without the air, cone tip breakout time could be pushed back in time because the

air would no longer be responsible for the destruction of the cone tip. The result of

this final campaign was incredible improvements across the board. The analysis and

conclusions of these experiments will be discussed in the following sections. To improve

the clarity in this writing, the three experimental campaigns will be referred to based on

some of their unique properties. The second experimental campaign will be referred to
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as LC-0.8 atm-10 µm because it had a relatively low contrast (LC) OMEGA-EP beam,

an air-filled shell with a pressure of 0.8 atm, and a cone tip diameter of 10 µm. The third

experimental campaign will be referred to as HC-0.8 atm-10 µm because it had a high

contrast (HC) OMEGA-EP beam, an air-filled shell with a pressure of 0.8 atm, and a

cone tip diameter of 10 µm. The fourth experimental campaign will be referred to as

HC-Vac-40 µm because it had a high contrast (HC) OMEGA-EP beam, an evacuated

shell, and a cone tip diameter of 40 µm.

4.2 Cu Kα Produced From Driver Beams

In addition to the joint shots, where both the OMEGA driver beams and the

OMEGA-EP beams were used, some shots were taken with only the OMEGA driver

beams. Additionally, some targets for these driver-only shots did not have any Cu

dopant in the shell. The reason for this was because some of the diagnostics, including

the spherical crystal imager, are time-integrated diagnostics, meaning they are collecting

data throughout the entire, nanosecond-timescale, in-flight implosion of the shell, and the

tens of picoseconds timescale when Cu Kα photons are produced by the OMEGA-EP-

produced fast electrons. Driver-only shots using the undoped, deuterated plastic targets

provided details of the spatial distribution of carbon and hydrogen bremsstrahlung emis-

sion while the driver-only doped targets additionally provided the spatial distribution

of copper bremsstrahlung and driver-produced copper Kα emission. To quantify the

undoped bremsstrahlung, doped bremsstrahlung and the Cu Kα, the XRPHC, having a

response window from 2 − 7 keV, was compared with the 8.048 keV data from the SCI.

Data from the XRPHC and the SCI from a driver-only doped shot can be seen in figure

4.1.

In figure 4.1, we see x-ray emission from both diagnostics being produced in the

in-flight, imploding shell. Most notably, both diagnostics show a bright, crescent shape

of x-ray radiation surrounding the cone. Since these diagnostics are time-integrated, the

image is technically of the entire implosion process which means the peak signal in the

crescent shape must correspond to a peak in the x-ray flux at some point during the

implosion process. This peak is also convolved with a limb brightening effect because

the image for both diagnostics is a three-dimensional projection of an emitting shell onto

a two-dimensional surface, so, the total number of photons being emitted, as seen by the

imaging plate will increase as the radial distance from the center of the cone increases.
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Figure 4.1: Comparison of XRPHC and SCI data. Two-dimensional images of the
x-ray emission from an OMEGA-only doped shot for the XRPHC (a) and the SCI (b).

Taking a lineout of these two images in the vertical direction of the figure, along with

lineouts of the undoped shots, we can get a comparison of the type of emission being

detected. This can be seen in figure 4.2.

Figure 4.2 shows lineouts in the direction perpendicular to the laser axis for doped

(red) and undoped (blue) shots for both the XRPHC (figure 4.2a) and the SCI (figure

4.2b). From figure 4.2a, we can see that the addition of copper atoms at a nominal 1%

atomic density did not significantly increase the overall bremsstrahlung emission as seen

by the XRPHC. Both the lineouts of the doped and undoped cases shows similar yields

within the error of the diagnostic. Figure 4.2b, on the other hand, shows an increase in

signal of a factor of ∼ 2 for the doped shot as compared to the undoped shot. Given

the XRPHC is viewing broadband emission from 2 − 7 keV, this would imply that the

signal enhancement seen by the SCI for the doped shots must be predominantly due to

copper Kα emission. As an additional validation of this point, the ZVH spectrometer

data ranging from 7− 10 keV is shown in figure 4.3 for a doped and undoped shot. We

can see in figure 4.3 that the bremsstrahlung emission below copper Kα is relatively

similar, which is in good agreement with the XRPHC data and there is clear copper Kα

line emission enhancing the overall signal at 8.048 keV, which is in good agreement with

the SCI data. It should be noted that the ZVH data doesn’t necessarily see a factor of

two enhancement in the emission at 8.048 keV. This is because the ZVH has a much

larger viewing window of the experimental configuration, taking in x-ray radiation from
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Figure 4.2: Comparison of XRPHC and SCI lineouts of the data. Lineouts of OMEGA-
only shots for the XRPHC (a) and the SCI (b) taken along the axis perpendicular to
the cone axis and positioned at the cone tip with respect to the cone axis. Both lineouts
have been normalized to the x-ray emission from an undoped shot to compare differences
in x-ray emission between doped and undoped shots.

the entire experimental chamber unlike the SCI which was focused only to the target

chamber center where the spherical shell of the target is located.

The idea that copper Kα is produced from the driver beams is actually less

intuitive than one might think. There are two potential mechanisms that could cause

the driver beams to produce copper Kα emission. The first is photopumping of the

bound electrons on the copper atom by the intense driver beams and the second is driver-

produced thermal and suprathermal electrons colliding with bound, K-shell electrons.

But, with the 15 µm pure plastic ablator, the OMEGA driver beams should not be

interacting directly with the copper atoms. This can also be inferred by looking at

the very small Heα signal in figure 4.3. Heα is readily produced via photopumping

when the driver beams directly interact with the copper atoms, stripping all but the

inner-most electrons from the atom. The small amount of Heα means the copper atoms

are contained within a region of density higher than the critical density of the driver

beams, so photopumping cannot be the cause. The thermal and suprathermal electron

mechanism is the same process as was discussed in section 3.4.2. Recall that in order

for an electron to produce a Kα photon, it must have a kinetic energy that is greater

than the binding energy of an electron in the K-shell of (in this case) a copper atom.
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Figure 4.3: Lineout of the ZVH data for OMEGA-only and joint shots. Data taken
along the dispersive axis of the image plate comparing doped (red) and undoped (blue)
OMEGA-only shots. The bump at 8.048 keV indicates Cu Kα being produced by the
OMEGA beams in the doped shot. Both doped and undoped have similar x-ray emission
below the Cu Kα line.

Additionally, in order for this process to be efficient, the colliding electron must have

an energy significantly higher than the K-shell binding energy. In the case of copper,

the peak in cross section, which can be seen in figure 3.9, is at about 24 keV. We can

calculate the thermal electrons contribution to the Cu Kα production as follows.

When the OMEGA driver beams interact with the shell’s outer ablator layer, the

electrons contained within the outer ablator will heat up. We can get an estimation of

this coronal electron temperature using the following phenomenological expression from

reference [41] assuming the absorbed laser intensity is on the order of 1014 W/cm2.

Te(keV ) ≈ 0.6

[
1

f

(
Iabs

1014 W/cm2

)(
λL

1µm

)2
]2/3

(4.1)

Where f is a flux limiter defining the efficacy with which the absorbed laser energy can

transport to the rest of the plasma in the form of thermal motion and takes on a value of



119

Figure 4.4: Calculation of the OMEGA-produced Cu Kα. Zero-dimensional calculation
of Cu Kα photons produced by the OMEGA-heated electrons in the ablator as a function
of ablator-ablator electron kinetic energy (blue). Boltzmann-like distribution of electron
kinetic energy based on the absorbed laser intensity (red).

about 0.03, λL is the laser wavelength which is frequency tripled from 1.06 µm to 0.35 µm,

and Iabs is the intensity of the absorbed laser intensity. The electron temperature of the

coronal plasma is then on the order of 1.5 keV which would seem to be well below the

necessary conditions for producing Cu Kα photons. But, this temperature is Boltzmann-

like distributed which means there will be some electrons with enough energy to produce

Cu Kα photons. To get a 0-D, order of magnitude estimation, we start by assuming

the entire ablator layer gets heated to 1.5 keV. The total number of electrons in a

15 µm thick shell with an outer diameter of 870 µm consisting of carbon and hydrogen is

1018. Assuming the probability of producing a Kα photon is defined by the Hombourger

equation [66] as follows:

PKα = vτLωKnCuQK (4.2)

Where v is the colliding electron’s velocity, τL is the OMEGA beam’s pulse-length (∼
3 ns), ωK is the fluorescence yield of Cu, nCu is the number density of Cu atoms, and
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QK is the Kα cross section for Cu. Integrating the product of this function multiplied

by the Boltzmann-like temperature distribution of 1.5 keV over the colliding electron’s

kinetic energy, we get the total number of photons produced by the OMEGA driver

beam-produced thermal electrons, which in this case, is on the order of 1.2× 1011 ph/sr.

Figure 4.4 shows a plot of the number of Cu Kα photons produced as a function of

the colliding electron’s kinetic energy, E , (and total number of colliding electrons with

energy E). As it turns out, 1.2× 1011 ph/sr is quite close to the experimentally observed

OMEGA-produced Cu Kα photons per steradian seen on experiment which was 7.0 ×
1010 ph/sr. Obviously the theoretical value is slightly higher, but this estimation was

zero-dimensional, which means none of the geometrical effects were taken into account.

The more important point, is that the thermal electrons produced by the OMEGA

beams have a large enough number of electrons with energy above the Cu Kα threshold

that a significant amount of Cu Kα photons are produced. What this also shows is

that alternate electron heating mechanisms (other than inverse bremsstrahlung), like

Stimulated Brillouin Scattering are not necessary to justify the existence of Cu Kα

being produced by the driver beams.

For completeness, a calculation of the Cu Kα photons produced by suprathermal

electrons can be made following the work of Michel et al. [80] and Froula et al. [81]. First,

suprathermal electrons are electrons which gain significantly more energy (∼ 100 keV)

from the driver beams than normal, thermal electrons. These electrons are produced

from electron plasma waves in the under-dense coronal plasma which, in turn, are pro-

duced from the electromagnetic wave from the driver. Due to phase matching, energy

conservation, dispersion relations of the waves and the fact that counter-propagating

electron plasma waves are produced, the region where suprathermal electrons are gen-

erated is near the quarter-critical density (nc/4). These laser-plasma instabilities are

strongest in the regions where the driver beams overlap, because the intensities are higher

which causes an increase in the instability growth-rate. From ref [81], we know that the

suprathermal electron temperature will be about 20 keV given a driver laser intensity

of ∼ 5× 1014 W/cm2. The fraction of laser energy that gets converted to suprathermal

electrons will be roughly 10−4 and with a total laser energy of 16 J (excluding the energy

contained in the picket) this corresponds to 1.6 J of energy in the form of suprathermal

electrons. Following the same calculation as was done in the thermal electron calculation,

this results in 1.6× 106 ph/sr being produced from the suprathermal electrons which is



121

significantly less than the thermal electron Cu Kα production of 1.2× 1011 ph/sr.

4.3 Cu Kα Produced From OMEGA-EP Beam

The primary goal of the experiments discussed in this dissertation was the spatial

and spectral measurement of Cu Kα photons produced from the OMEGA-EP heating

beam. Over the course of three experimental campaigns, the OMEGA-EP delay was

varied between 3.65 ns and 3.90 ns and the energy was varied from 500 to 1400 J. These

different delays correspond to different times during the implosion of the shell which

means the density and temperature profiles of the imploding shell for each delay were

inherently different. As was stated previously, a delay 3.65 ns corresponded to a peak

in neutron yield from reference [35] using similar targets, so a large portion of the shots

taken in the experiments discussed here were also taken with a delay of 3.65 ns. With

a focal spot radius of ∼ 20 µm in 10 ns, this corresponded to a peak intensity of 3 ×
1018 W/cm2 which is a relatively modest intensity for OMEGA-EP but still above the

relativistic threshold. Determining the contribution of the OMEGA-EP-produced Cu Kα

from the OMEGA-produced Cu Kα was straightforward. Figure 4.5 shows the SCI data

from an OMEGA-only shot as well as a joint shot with 500 J of energy in OMEGA-EP

and a delay of 3.65 ns.

In figure 4.5, we can see that for the OMEGA-only and the joint shot, there is

a crescent of Cu Kα being produced from the in-flight shell. This is expected because

the SCI is time-integrated, so everything before the arrival of the OMEGA-EP beam

still gets recorded onto the image plate. But, in the joint shot data (4.5b), there is an

additional feature that is not present on the OMEGA-only shot data. That is, Cu Kα

is present at and around the tip of the geometrically reentrant gold cone in a ∼ 300 µm2

region surrounding the cone tip. These Cu Kα photons are produced from the fast

electrons which are produced by the OMEGA-EP beam being injected onto the inner

cone tip of the gold cone. Figure 4.5b is the first ever visualization of fast electrons

depositing their energy into an integrated fast ignition target. In order to isolate the

contribution from the OMEGA-EP beam, figure 4.5a was subtracted from figure 4.5b

utilizing the fact the that the spatial distribution of Cu Kα produced from the OMEGA

beams had a very high reproducibility. The results of this subtraction method is shown

in figures 4.6, 4.7, and 4.8 and will be discussed in the following section.
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Figure 4.5: Comparison of the SCI data for an OMEGA-only shot and a joint shot.
(a) an OMEGA-only shot and (b) a joint shot where OMEGA-EP had 500 J of energy
with a delay of 3.65 ns. Both shots show the Cu Kα produced from the in-flight shell
because the diagnostic is time-integrated but the joint shot shows additional signal near
the cone tip as a result of the OMEGA-EP produced fast electrons causing Cu K-shell
fluorescence.

4.3.1 Cu Kα Spatial Distribution

With the successful acquisition of the SCI data on joint shots, an analysis of the

spatial energy deposition of fast electrons into an integrated Fast Ignition compressed

core could now be made. As was discusses in section 3.4.4 with the large amount of

energy in both the OMEGA beams and the OMEGA-EP beams, full energy OMEGA-

EP shots (> 1 keV) saturated the SCI data, so all SCI data reported in this section

is with 500 J of energy in the OMEGA-EP beam which corresponded to the optimum

signal-to-noise ratio for the data. The OMEGA subtracted SCI joint shot data from

campaign LC-0.8 atm-10 µm can be seen in figures 4.6a, 4.6b, and 4.6c for timing delays

of 3.65 ns, 3.75 ns, and 3.85 ns respectively. For all three timing delays the Cu Kα appears

to be produced from a very large region. The presence of Cu Kα photons being produced

in a 300 µm2 region implies a density profile of the Cu-doped CD having a similar spatial

extent. In other words, Cu Kα spatial distribution gives some indication of the density

profile at the specific time delay because the timescale with which the fast electrons
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deposit their energy is short compared to the timescales of the implosion. Along this

same line, the size of the Cu Kα produced decreases with later and later timing delays,

consistent with an imploding shell getting smaller and smaller. This can be seen in figure

4.6a-c where the Full-Width-At-Half-Maximum (FWHW) size of the Cu Kα spot along

the axis perpendicular to the cone axis goes from ∼ 300 µm down to 200 µm as the delay

goes from 3.65 ns to 3.85 ns.

With these experiments, the expectation was to see Cu Kα being produced in

the forward going direction (to the left of the cone in figure 4.6). The idea being that

electrons will be produced by the OMEGA-EP beam at the inner cone tip and then

will be accelerated predominantly forward because the primary acceleration mechanism

would be J×B heating. With this in mind, it was quite surprising to see Cu Kα photons

being produced behind the cone tip. More specifically, Cu Kα photons were produced

as far back as 100 µm from the cone tip as can be seen in figure 4.6. This result has

several different potential implications for the electron source that produced these Cu

Kα photons. First, if the electrons were produced at the inner cone tip, then a signifi-

cant fraction of the electrons must have been accelerated backwards; something that is

impossible with the J×B heating mechanisms, which would imply a different mechanism

playing a dominant role in the acceleration of the electrons. In this scenario (where the

electrons are still being produced at the inner cone tip) the electron source divergence

would need to be effectively isotropic in space. The other potential explanation is that

the electrons are not being produced at the inner cone tip. This scenario is somewhat

plausible if we consider the fact that there was roughly 20 mJ of pedestal pulse energy

in the OMEGA-EP beam during the LC-0.8 atm-10 µm campaign which could ionize a

significant amount of the inner cone and potentially push the critical density back.

Another noticeable feature is the lack of signal in the forward going direction.

The peak in signal for the 3.65 ns delay shot occurs about 50 µm back from the cone tip.

This could imply that very few electrons are being accelerated forward with most going

sideways or backwards, but this would go against the theoretical mechanism for electron

acceleration. Since the Poynting flux is in the forward going direction, there will always

be a natural tendency for electrons to be accelerated forward. When this is not the

case, the electrons are isotropically heated which would imply thermal electrons being

emitted in all directions isotropically. Given this, it is safe to assume that the number

of electrons being accelerated in the forward direction must be, at least, equal to the
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Figure 4.6: Low contrast, 10µm cone tip SCI results. Spatial distribution of OMEGA-
EP-produced Cu Kα radiation. Here, the OMEGA-EP energy contrast was 104. Data
taken from fiscal year 2012. For optimum image contrast, all shots were taken with 500 J
of energy in the OMEGA-EP beam. a) OMEGA-EP delay 3.65 ns. b) OMEGA-EP
delay 3.75 ns. c) OMEGA-EP delay 3.85 ns.
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Figure 4.7: High contrast, 10µm cone tip SCI results. Spatial distribution of OMEGA-
EP-produced Cu Kα radiation. Here, the OMEGA-EP energy contrast was 106. Data
taken from fiscal year 2013. For optimum image contrast, all shots were taken with 500 J
of energy in the OMEGA-EP beam. a) OMEGA-EP delay 3.65 ns. b) OMEGA-EP
delay 3.75 ns.
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Figure 4.8: High contrast, 40µm cone tip SCI results. Spatial distribution of OMEGA-
EP-produced Cu Kα radiation. Here, the OMEGA-EP energy contrast was 106. Data
taken from fiscal year 2014. For optimum image contrast, all shots were taken with 500 J
of energy in the OMEGA-EP beam. a) OMEGA-EP delay 3.70 ns. b) OMEGA-EP
delay 3.90 ns.
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electrons being accelerated backwards. With this, there are two possibilities that could

satisfy the observed SCI results. Let’s say the electrons are emitted isotropically, then

if the Cu-doped plasma in the forward-going direction is hot, the Cu Kα line will have

shifted, potentially out of the bandwidth of the SCI. If this is the case, then a lack of

signal in the forward going direction would simply be caused by a reduction in detector

efficiency rather than a reduction in actual photons being produced. The second option

relies on the existence of a preformed plasma within the cone, which, as discussed already,

is a very possible scenario given the energy in the pedestal pulse for these shots. With a

large preformed plasma pushing the critical density back, away from the inner cone tip,

the source position where the electrons are being created gets pushed farther away from

the Cu-doped plasma near the cone tip. If we approximate the electron source position

as a point source, then the flux of these accelerated electrons will reduce in intensity as

one over the travel distance squared. Essentially, a lack of signal in the forward going

direction could be purely attributable to a source offset distance that is too large.

In figure 4.6c, the delay was 3.85 ns. From the VISAR data from reference [35] and

also plotted in figure 3.1, this delay corresponded to the OMEGA-EP beam being injected

after the imploding shell has broken through the cone tip. As a result, the OMEGA-

EP beam is not only interacting with a preformed plasma from its own pedestal pulse,

but also the imploding shell plasma that is filling up the cone. This additional plasma

inside the cone changes the laser-plasma interaction (LPI) making direct comparisons

of the Cu Kα spatial distribution with the other two timing delays difficult because the

electron source is inherently different. Additionally, with the SCI being less efficient at

higher plasma temperatures, a later time delay would then correspond to a hotter overall

plasma which means the SCI will be less efficient at collecting all of the Cu Kα photons

produced. This can be seen in figure 4.6c where the lack of signal in the forward going

direction is even more pronounced than the other two timing delays shown in figure 4.6.

The results for campaign HC-0.8 atm-10 µm can be seen in figure 4.7. In this

campaign, the maximum delay used was 3.75 ns because the LC-0.8 atm-10 µm campaign

and previous work [35] verified that a delay of 3.85 ns was after cone tip breakout. In

figure 4.7a, it is very noticeable that the signal is quite different from top to bottom.

This is a result of the accuracy of the OMEGA-EP pointing. OMEGA-EP has a quoted

pointing accuracy of ±10 µm, but, the cone tip has a diameter of only 10 µm. This

means that within one standard deviation of pointing accuracy, the OMEGA-EP beam
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can completely miss the cone tip. That being said, a cone tip diameter of 10 µm was

chosen based on empirical findings that showed better neutron yield performance when

compared with larger cone tip diameters. It should be noted that the target is obviously

not two-dimensional which means there is also the possibility that the error in pointing

would go into the page when viewing figure 4.7. Even with the pointing issue, the spatial

distribution of Cu Kα photons can still be interpreted. As a reminder, in campaign HC-

0.8 atm-10 µm, the OMEGA-EP energy contrast had been improved by a factor of 200.

This meant that the pedestal pulse for a 500 J shot would only have ∼ 0.2 mJ of energy.

The thought being that if the pedestal pulse from the previous campaign was creating

a preformed plasma that pushed the critical density back, it would not be as prevalent

in this campaign. Surprisingly, Cu Kα was still observed as far back as 100 µm from

the inner cone tip, similar to the previous campaign. With the 3.75 ns shot, which can

be seen in figure 4.7b, there appears to be less of an issue with pointing. Interestingly

enough, the 3.75 ns shot for campaigns LC-0.8 atm-10 µm and HC-0.8 atm-10 µm are

quite similar. Both having almost identical FWHW spatial sizes and similar forward-

going to side-going Cu Kα production. What this implies is that the improved contrast

did not directly improve the spatial distribution of Cu Kα photons. We will see in

the next section that there were improvements, just not as it pertains to the spatial

distribution.

In the last campaign (HC-Vac-40 µm), where the cone tip diameter had been

increased from 10 µm to 40 µm and the air, trapped inside the shell had been removed,

we see a much different picture. With the evacuated shell, delays were no longer capped

at 3.75 ns due to the cone tip breakout because, without the air inside the shell, the cone

tip breakout time was pushed significantly back. And, with a cone tip that was large

enough to withstand the pointing tolerance of the OMEGA-EP beam, the results are

noticeably different as can be seen in figure 4.8. There is more signal going in the forward

direction than in the previous two campaigns. This can be quantified by calculating the

position along the horizontal axis corresponding to the point where half of the Kα signal

is to the left and half is to the right. Doing this we see that the mean position was moved

forward (to the left) by ∼ 20 µm when compared to the previous two campaigns. What

this shows is that the OMEGA-EP beam was able to propagate closer to the cone tip

generating fast electrons closer to the compressed core than in previous campaigns. The

results of this, as will be seen in the following section is a drastic improvement in the
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Figure 4.9: Cu Kα yield scaling with OMEGA-EP energy for all three campaigns.
Results showing a clear increase in Kα yield with increasing laser energy. With im-
proved laser contrast and a larger cone tip diameter results show a significant overall
enhancement.

total amount of Cu Kα photons produced.

4.3.2 Cu Kα Yield Measurements

In addition to the spatial Cu Kα distribution results from the SCI, the ZVH

successfully measured the Cu Kα total yield spectrally. Unlike the SCI, the ZVH was

not as susceptible to background issues and so was able to measure the total Cu Kα

yield produced with OMEGA-EP at energies as high as 1.4 kJ. Additionally, Cu Kα line

shifting due to Cu ion heating was also not an issue because the amount of shifting was

within the resolution of the spectrometer. Because of this, the ZVH was able to make

absolutely calibrated measurements of Cu Kα photons produced for all shots taken. This

provided a critical tool for understanding the fast electron energy deposition for these

experiments.

Figure 4.9 shows the absolute Cu Kα photon yield produced on experiment as

a function of OMEGA-EP energy. The results show a clear increase in Cu Kα with

increasing OMEGA-EP energy. In figure 4.9, we see that in the LC-0.8 atm-10 µm cam-
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Figure 4.10: Cu Kα yield scaling with OMEGA-EP delay. Results show an increase in
yield at later delays, prior to cone tip breakout. After cone tip breakout, when assembled
core plasma has begun to fill the cone, the yield is seen to decrease due to increased source
offset distance and modified LPI region.

paign the yield increased by 1.5 × 1010 ph/sr per 500 J of energy in the OMEGA-EP

beam. This corresponded to a 60% enhancement in Cu Kα yield when comparing a

full-energy OMEGA-EP shot (1.4 kJ) to the OMEGA-produced Cu Kα photons. With

the improvements to the OMEGA-EP laser contrast in campaign HC-0.8 atm-10 µm the

yield was seen to increase by 46% from the LC-0.8 atm-10 µm yield and by an additional

70% when compared with the OMEGA-produced Cu Kα photons. In the HC-Vac-40 µm

campaign, with the air removed from the shell and the cone tip diameter increased, the

yield was seen to increase by a factor of ∼ 3 relative to the HC-0.8 atm-10 µm data and

by a factor of ∼ 4 relative to the LC-0.8 atm-10 µm data.

In addition to the energy scan, the ZVH recorded the absolute number of Cu

Kα photons produced from the delay scan of all three campaigns which can be seen in

figure 4.10. In figure 4.10 we see that the total number of photons produced when going

from a delay of 3.65 ns to 3.75 ns for the air-filled campaigns increases. This makes sense

because the imploding core is getting denser as the delay increases which means the areal
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density of the core is increasing. With higher areal densities, more fast electrons will be

stopped in the core producing Cu Kα as they slow down. But, in the LC-0.8 atm-10 µm

campaign, the yield is seen to decrease going from 3.75 ns to 3.85 ns even though the

imploding core areal density should be even higher than the 3.75 ns delay. This shows

an additional verification that the 3.85 ns is, in fact, after cone tip breakout. With some

of the imploding shell plasma now filling the cone, the LPI physics is modified resulting

in an overall signal reduction.

4.4 Neutron Yield Scaling With Laser Energy

Here we discuss the neutron yield results taken from the Neutron Time-of-Flight

(nTOF) diagnostic. Overall, the neutron yield diagnostics proved to be quite temper-

amental. Over the three years of experimental campaigns, the nTOF only successfully

worked on one of the shot days. That shot day was HC-0.8 atm-10 µm campaign. The

OMEGA-EP contrast had been improved for this shot day. The neutron yield data

can be seen in figure 4.11 with a clear increase in neutron production with increasing

OMEGA-EP energy. This result is very important for the overall picture of the physical

processes taking place in these experiments because enhancements in neutron yield pro-

duction are directly related to enhancements in the temperature of the imploded core.

The total increase in neutron yield above the background neutron yield produced from

the OMEGA beams is about a factor of two.
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Figure 4.11: Neutron yield scaling with OMEGA-EP energy. Results show a factor of
2 increase in neutron yield using 1200 J in OMEGA-EP when compared to the OMEGA-
produced neutron yield.

4.5 Electron Spectra Scaling With Laser Energy and Delay

In this section, the results from the electron spectrometer are presented. The

focus is on the electron spectrometer oriented along the OMEGA-EP/cone axis. Since

the electron spectrometer detects electrons which have escaped the target and traveled

to the diagnostic, only relatively energetic electrons can be detected. In the case of

a two-temperature distribution, much of the information of the lower temperature will

not be detected by the spectrometer. Even still, this diagnostic can provide very useful

information about trends. For example, in figure 4.12 we have the electron spectrometer

data for the LC-0.8 atm-10 µm campaign. In figure 4.12a, we have the distribution of

electrons detected by the diagnostic for all shots using the OMEGA-EP beam in that

shot day.

For the energy scan, with all shots at the same delay (3.65 ns), the electron spec-

trometer shows slope temperature between 3 and 3.5 MeV with the 500 J shot and the

1.4 kJ shot having almost identical slope temperatures. If the acceleration mechanism
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Figure 4.12: Low contrast, 10µm cone tip electron spectrometer data from LC-0.8 atm-
10 µm. Slope temperatures show a relatively similar slope temperature with increasing
energy in OMEGA-EP. Total energy in the form of escaped electrons shows a clear
increase with increasing OMEGA-EP energy.

were J×B heating, the slope temperatures for the 500 J and the 1.4 kJ shots would be

500 keV and 1.0 MeV respectively. This indicates that another mechanism is responsi-

ble for the heating (of the hot tail in particular) which also might explain the lack of

slope temperature increase with increasing laser intensity. For the delay scan, there is a

noticeable reduction in slope for the later delays of 3.75 ns and 3.85 ns. There are two

possible explanations for this. The first is if the areal density is higher, more electrons

will be stopped in the core rather than escaping. This mechanism would be more likely

for the 3.75 ns shot. The second is by having a different preformed plasma possibly due

to core plasma filling the cone modifying the LPI and thereby changing the source.

In addition to slope temperature measurements, the electron spectrometer also

inferred the total energy of escaped electrons. Integrating the slope temperature over

all the energy bins, we get the total energy in escaping electrons which can be seen in

figure 4.12b. Here we see that there is a clear reduction in total energy escaping the

target at later time delays. Along the same line of reasoning as the slope temperature

analysis, this could be a result of an increased areal density or a fundamentally different

source due to modified preformed plasma. Additionally, with the energy scan, there is

a clear trend of increasing escaped electron total energy with increasing laser energy.

With a similar slope temperature and presumably similar LPI, along with similar core
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Figure 4.13: High contrast, 10µm cone tip electron spectrometer data from LC-0.8 atm-
10 µm. Slope temperatures show a relatively similar slope temperature with increasing
energy in OMEGA-EP. Total energy in the form of escaped electrons shows a clear
increase with increasing OMEGA-EP energy.

density and temperature profiles, the increase in escaped electron spectra with increasing

OMEGA-EP energy is indicative of a greater number of fast electrons being produced

with more energy in the OMEGA-EP beam.

As can be seen in figure 4.13, in the HC-0.8 atm-10 µm campaign, slope tem-

peratures were relatively constant for the OMEGA-EP energy scan. And, even in the

delay scan, slope temperatures were relatively constant. Looking at the total energy of

the escaping electrons, again there is a clear increase in total escaping electron energy

with increasing OMEGA-EP energy at constant delay. There is also a slight reduction

in escaped energy for the later delay shot at 3.75 ns when compared to the 3.65 ns.
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Figure 4.14: High contrast, 40µm cone tip electron spectrometer data from LC-0.8 atm-
10 µm. Slope temperatures show a relatively similar slope temperature with increasing
energy in OMEGA-EP. Total energy in the form of escaped electrons shows a clear
increase with increasing OMEGA-EP energy. 100 ps OMEGA-EP pulse length shots
show significant reduction in slope temperature and total escaped electrons due to the
reduced driving force (Iλ2).

4.6 Concluding Remarks

Here we discuss the implications of the results from the diagnostics. To reiterate,

the goal in a fast ignition experiment such as this one is to get some understanding of

what the fast electrons are doing. More specifically, we want to experimentally measure,

or infer, the main parameters discussed in chapter 2, that being conversion efficiency,

slope temperature, and angular divergence. Additionally, in an integrated fast ignition

experiment, another parameter becomes important. That is, the total energy deposited

into the compressed core. With the diagnostics used on experiment, an overall picture

starts to become apparent if we consider the results of all of the diagnostics together.

The ZVH showed an enhancement in Cu Kα yield with increasing energy which, on its

own, could have several different interpretations. Depending on the distribution of fast

electrons being produced, there could be more or less energy being deposited per Cu

Kα photon because of the Cu Kα cross section dependence on the colliding electron’s

kinetic energy. But, with the electron spectrometer results, we know that the electron

temperature remained relatively constant throughout the energy scan. With similar

compressed core profiles due to similar OMEGA-EP delays, one can conclude that the
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increase in Cu Kα yield seen by the ZVH must be attributable to an increase in energy

deposited into the core. Also, comparing the SCI and ZVH data from the LC-0.8 atm-

10 µm campaign at 3.85 ns we see that the reduction in signal seen in the forward going

direction due to core heating could not be the cause for signal reduction because the

ZVH (which is not sensitive to line shifting) also sees a reduction. This indicates that

line shifting is not the only reason and that compressed core plasma filling the cone is

also causing the signal to be reduced even more.

It is important to note that the connection between fast electron energy de-

position and Cu Kα photons is not necessarily linearly related. The fast electrons are

characterized by a Boltzmann-like distribution with respect to their kinetic energy which

means that the total number of Cu Kα photons produced depends on the distribution

of fast electrons. The amount of energy deposited depends on the stopping power of

the medium and the kinetic energy of the fast electrons. The relationship between Cu

Kα photons and energy deposited becomes much more uncertain for lower energy elec-

trons because the mechanism reaches its peak at 24 keV and then shuts off completely at

∼ 9 keV making it very sensitive to the lower energy electrons. Since a Boltzmann dis-

tribution has logarithmically more lower energy electrons than higher energy electrons,

and since the electron spectrometer does not give any information about these lower

energy electrons, we are limited in the extent to which conclusions can be made about

the energy deposition. Likewise, the assumptions required to infer energy coupling using

the nTOF is limited because a very accurate understanding of the compressed core den-

sity and temperature profiles are required which rely on additional information through

modeling. Additionally, the spatial distribution of Cu Kα photons is dependent on the

amount of copper atoms available for the fast electron to interact with which depends on

the density profile of the assembled Cu-doped CD core. And lastly, the ability to detect

Cu Kα photons depends on the background temperature and the copper ions as was

discussed in section 3.4.4. With all of these factors in mind, the problem of determining

the fast electron source characteristics becomes inherently under-constrained. At this

point, model validation of the experimental findings is necessary to provide some insight

on the physical processes. To do this, two particle-in-cell codes were used. The first is

the Large Scale Plasma code (LSP) which was used in a forward analysis method. The

second was the hybrid-PIC code called ZUMA, using a retrograde analysis of the critical

fast ignition parameters; the work of which was carried out by the author and recorded
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in the following chapter.
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Chapter 5

Multi-Scale Numerical Model

Validation of Experimental

Findings

Here we present the results of the modeling of fast electrons transporting through

an integrated fast ignition target. The purpose of this modeling was to validate the

experimental findings presented in chapter 4. As was stated in the previous chapter, the

experimental findings, on their own, were not enough to fully understand the underlying

physics, making the characterization of some of the key parameters of the experimental

fast electron source (conversion efficiency, angular divergence, and temperature) difficult

to determine. With the help of modeling, a comparison to experiment could be made

to help constrain the fast electron parameters which, in turn, would help optimize the

design of integrated fast ignition experiments including laser and target configuration

with the hope of improving the energy coupling of the heating beam to the compressed

core.

The process of the modeling was as follows. Radiation-hydrodynamic codes

were employed to understand and characterize the state of the target at the point

when the OMEGA-EP heating beam was injected onto the inner cone tip. To do

this, the 2D radiation-hydrodynamic code, DRACO [82] (simulations performed by A.A.

Solodov), was used to simulate the implosion of the spherical shell, while the radiation-

hydrodynamics code, HYDRA[83] (simulations performed by S. Chawla), was used, in

2D, to simulate the pre-formed plasma within the Au cone produced by the pedestal

138
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pulse from the OMEGA-EP heating beam. Once the state of the target had been prop-

erly simulated, PIC codes were used to simulate the fast electron generation within the

cone and the subsequent transport through the cone and compressed core. To do this,

the fully kinetic and implicit PIC code, LSP [84] (simulations performed by B. Qiao),

was used with its laser injection package to simulate the laser-plasma interaction (LPI)

of the OMEGA-EP main pulse with the HYDRA-predicted pedestal-pulse-produced pre-

formed plasma. The result of these LSP LPI simulations was an electron source which

could be characterized by a Boltzmann slope temperature, conversion efficiency, and

angular divergence. Then, two codes were used to simulate the transport of the fast

electrons. The first, was LSP (simulations performed by A.A. Solodov) where a forward

analysis technique was used. A forward analysis meaning that the LPI-produced elec-

tron source was used as input to the LSP transport simulations with little modification

to the LPI-produced source and no iterative process to better match to the experimen-

tal findings. Additionally, LSP transport simulations were used both with and without

fields to better understand the effect of self-consistent electric and magnetic fields as

the fast electrons transport through the assembled core. The second transport code

was the hybrid-PIC code, ZUMA [85] which was the primary code used by the author.

With ZUMA, a retrograde analysis was done where, rather than using the LPI-predicted

electron source, a series of many electron sources were used varying the source temper-

ature, source injection position and source angular divergence over many simulations.

The output from these simulations was then compared with the experimental findings in

order to narrow down the most likely electron source characteristics that were present

on experiment. The primary means for comparing with the simulations was the spatial

distribution of Cu Kα detected by the SCI as well as the total Cu Kα yield detected by

the ZVH.

As can be seen in the previous paragraph, there is a significant amount of work

reported here that was carried out by someone other than the author. The reason for

this is that one of the primary aspects of this dissertation is the integrated component

to this research project. In other words, looking at how the overall project, as a whole,

comes together into a unified story about the spatial energy deposition of fast electrons

in a FI target design. With this, it is clear that the use of collaborator’s work in this

dissertation is solely for the purpose of either compounding the work of the author or

as a secondary validation of the work by the author. Wherever possible, the author will
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make it clear who is responsible for the given work being discussed.

In this chapter, a summary the ZUMA transport code will be given as well as

the necessary modifications to the source code to make the specific problem of a Cu-

doped hydrocarbon plasma capable of being simulated. Then a brief summary of the

other codes used in this large research project will be given. Finally, the results of the

retrograde analysis comparing simulated results with experiment for every experimental

datum will be given.

5.1 Laser-Plasma Interaction Simulations

5.1.1 Heating Beam Pedestal Pulse

Inherent with all high gain laser pulses is a pedestal pulse of laser energy due to

Amplified Spontaneous Emission (ASE). This emission is due to front-end parametric

fluorescence and has a pulse length on the order of a few nanoseconds prior to the

arrival of the OMEGA-EP main pulse. Although the total power of the pedestal is

quite low compared to that of the main pulse (∼ 10−8), with petawatt-class lasers, the

pedestal power can still be high enough to ionize outer shell electrons in a solid target.

Additionally, the timescales of the pedestal are long enough (3 ns for OMEGA-EP) to

give the solid material ample time to ablate producing a pre-formed plasma extending off

the surface of the target prior to the arrival of the main pulse. This can be detrimental

to FI because the critical density of the heating pulse (the point at which light of a

given frequency becomes evanescent) can be pushed back (away) from the original target

interface thereby increasing the travel distance of the fast electrons to the compressed

core.

To get an idea of how much the pedestal pulse will ionize the inner Au cone,

we start by calculating the spatial profile of the pedestal pulse intensity in 2D. The

OMEGA-EP focal spot is roughly Gaussian in shape, typically quoted as having a best

focus diameter of 20 µm containing 80% of the energy. This corresponds to a standard

deviation of ∼7.8 µm at best focus. The f/# of the OMEGA-EP off-axis parabola

(OAP) was 1.8 in the case of the experiments discussed here. With 21 mJ of energy in

3 ns, we can (for the sake of simplicity) assume the beam power was constant over the

entire pulse length to get a time-averaged spatial profile of the intensity which can be

seen in figure 5.1a. Additionally, in figure 5.1b, we have the intensity profile for the
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Figure 5.1: Pedestal pulse intensity profile for both high and low contrast OMEGA-EP
beams. Results show significant intensity along the cone walls in the low contrast case
to ionize the Au cone wall producing a pre-formed plasma prior to the arrival of the
OMEGA-EP main pulse.

improved, high contrast OMEGA-EP pedestal pulse intensity which had an improved

energy contrast of two orders of magnitude. Here, we see that the peak intensity of the

low contrast pedestal pulse, at best focus is 1012 W/cm2 but remains relatively intense

along the cone walls even as far back as 150 µm from the inner cone tip. With Au,

the intensity required[86] to strip an electron off an atom via multi-photon ionization

is given by I ≈ 4 × 109E4
i Z
−2 W/cm−2 where Ei is the ionization potential of a given

ionization state and Z is the atomic number. This works out to 2.54 × 109 W/cm2 to

produce a charge state of one which is significantly lower than the low contrast pedestal

pulse intensity. In fact, many of the Au atoms could reach a charge state as high as three

which requires a laser intensity of 1.25× 1012 W/cm2. The high contrast pedestal pulse

has an intensity that is much lower, with a peak in intensity lower than 1× 1010 W/cm2

meaning the number of ionized electrons should be drastically lower.

With a better understanding of the ionization capabilities of the pedestal-pulse,

we now look to get a better understanding of the pedestal-pulse-produced pre-formed

plasma within the cone for both high and low contrast. To do this, the radiation-

hydrodynamics code, HYRDA, was used, simulating the pedestal pulse from the OMEGA-

EP beam prior to the arrival of the main pulse. In these simulations, HYDRA was run in

2D. HYDRA is a multi-physics code utilizing arbitrary Lagrange Eulerian (ALE) hydro-

dynamics. Each physical process in HYDRA is calculated separately using an operator
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Figure 5.2: LPI simulations of the OMEGA-EP pedestal pulse interacting with the in-
ner cone for both high and low contrast in OMEGA-EP. Results show a large pre-formed
plasma being produced from the low contrast pedestal pulse pushing the critical den-
sity back 100 µm back from the cone tip. High contrast simulations show a significantly
smaller pre-formed plasma density profile. HYDRA simulations courtesy of S. Chawla
at the University of California, San Diego.

splitting routine which then combines all the results together within each time step. In

particular, the Lagrange phase solves the compressible form of the hydrodynamic equa-

tions. Although these simulations were pure Au, HYDRA has the capability of taking

multiple materials within a cell and accomplishes this by an interface reconstruction

technique whereby the materials are split apart within a cell according to their respec-

tive volume fractions and “re-zoned” into single material sub-cells. With this technique,

single material opacity tables can still be used and are calculated within a multi-group

diffusion routine. Thermonuclear burn is possible with HYDRA, but was not used in

this dissertation work and so is not discussed here.

The simulations were performed by S. Chawla using the OMEGA-EP contrast

both before and after the laser upgrade between campaigns LC-0.8 atm-10 µm and HC-

0.8 atm-10 µm. Simulated cones had the 10 µm diameter cone tip from campaigns LC-

0.8 atm-10 µm and HC-0.8 atm-10 µm but not the 40 µm diameter cone tip from HC-Vac-

40 µm. More specifically, HYDRA was used to simulate the Laser-Plasma Interaction

using the exact pedestal pulse energy seen on shot for the 3.65 ns delay shot in campaign

LC-0.8 atm-10 µm which had 21 mJ in 3 ns as well as the exact energy from the 3.65 ns

delay shot from HC-0.8 atm-10 µm which was 0.2 mJ. The results of this simulation can

be seen in figure 5.2. From figure 5.2 it can also be seen that the two simulations were
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carried out slightly differently. In the low contrast case, an abnormally thick cone was

used to prevent refluxing of electrons into the compressed core while in the high contrast

case, the electron refluxing was mitigated via replacing the outer compressed core with

high density Au. But, the end result for both of these simulation problem geometries

is the same with the focus being on the inner part of the cone. The simulation of the

high contrast case proved to be much more difficult than the low contrast case. With

such a low laser electric field, the simulation was seen to produce detrimental amounts of

numerical heating, making it impossible to run the simulation from start to finish without

user monitoring. Because of this, a simplified pre-formed plasma was used instead of

the simulated result by using an assumed scale plasma length of 3 µm as shown in figure

5.2(right).

Results show that with 21 mJ of pedestal pulse energy in 3 ns for the low con-

trast case, a pre-plasma will develop with the non-relativistic critical density for 1 µm

wavelength laser light being pushed back 100 µm from the inner cone tip. Additionally, a

jet of plasma can be seen on axis indicating that the cone walls were contributing to the

ablating plasma by ablating normal to the surface of the cone wall and then colliding,

on axis, with the rest of the cone wall ablated plasma. This result is also consistent with

the pedestal pulse intensity profile which showed intensities high enough to ionize Au as

far back as 150 µm from the inner cone tip. The high contrast case, on the other hand,

shows very little ablated plasma with the relativistic critical density only being pushed

back 10 µm from the inner cone tip and very little cone wall ablation with no jet-like

feature forming on axis.

The results for the low contrast simulation are in relatively good agreement with

experimental findings which can be seen in figure 4.6 from chapter 4, showing copper

Kα being produced as far back as 100 µm, indicative of a fast electron source generation

position 100 µm from the inner cone tip with a highly divergent source. But, for the high

contrast case, one would expect a Kα profile that is significantly more forward along the

cone axis due to its generation position being about 90 µm closer to the cone tip. But,

as can be seen in figure 4.7, this is not the case. This means that the large source offset

distance cannot be purely attributable to the large pre-formed plasma from the pedestal

pulse. But, since the main pulse had a relatively long pulse length of 10 ps, the rising

edge of the pulse for both the high and low contrast cases could be ablating the Au cone

walls and causing the critical density to be pushed farther back resulting in the same
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overall effect of there being a large pre-formed plasma caused by the pedestal pulse. In

the next section we will look at detailed LPI simulations of the main pulse to get a better

idea of how the main pulse interacts with the inner cone and where the fast electrons go

once accelerated.

5.1.2 Heating Beam Main Pulse

With the pedestal-pulse-produced pre-formed plasma well characterized, the next

step was to understand the OMEGA-EP main pulse interaction with the pre-formed

plasma within the cone. To do this, LSP was run by B. Qiao with its laser package. LSP

is an implicit code with the ability to be fully kinetic, fully fluid, or a hybrid of the two.

In the case of the hybrid method, particles can be reallocated from one description to

another based on a given threshold value in phase space. For the simulations presented

here, a fully kinetic description was used due to the presence of the laser field, where

a relativistic treatment of the particles was necessary and not possible with a fluid

treatment.

In these simulations, the spatial profile was set to a double Gaussian based on

a best fit to the wavefront seen on experiment. The temporal profile was set to a sin2

shape with a full period of 12 ns which was equivalent to the FWHW of a Gaussian fit

to the estimated experimental pulse shape. The simulation was run for 15 ps with 60

time-steps per laser cycle and 16 cells per laser wavelength. The input to the simulation

problem geometry was the output from the HYDRA pedestal-pulse simulations and

included the density, temperature and ionization. The field ionization probability within

the simulation was done using the tunnel ionization model by Ammosov, Delone, and

Krainov (ADK) [87]. To extract the fast electron spatial and energy distribution, to

subsequently use in transport simulations, time-averaged extraction planes were added

to the LSP source code along the cone walls and the cone tip.

The results of the simulation for both high and low contrast can be seen in figure

5.3 at 6.4 ns into the simulations. In figure 5.3a and 5.3b we have the Poynting flux of

the OMEGA-EP main pulse. Here we see, in the low contrast case, that the OMEGA-

EP pulse begins to bifurcate around the jet-like pre-formed plasma producing strong

filaments as it does so. In the high contrast case, bifurcation is not present due to the

lack of ablated cone wall material on axis, but filamentation still occurs causing the

OMEGA-EP beam to reach all the way to the inner cone tip, through the pre-formed
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Figure 5.3: LPI simulations of the OMEGA-EP main pulse interacting with the
HYDRA-predicted pre-formed plasma for both high and low contrast OMEGA-EP
pulses. LSP LPI simulations courtesy of B. Qiao from the University of California,
San Diego.

plasma. The Poynting flux is significantly higher in the high contrast case due to the

fact the OMEGA-EP is focusing as it gets closer to the inner cone tip, and with the

shorter pre-plasma scale-length in the high contrast case, it is able to do so. With

a higher interaction intensity for the high contrast simulation, magnetic fields, which

can be seen in figure 5.3c and 5.3d were seen to be much stronger. Additionally, the

developed fields are much closer to the cone tip. Lastly, the total energy of the fast

electrons generated within the cone can be seen in figure 5.3e and 5.3f. Here we see

that almost no fast electrons are produced near the cone tip in the low contrast case,

where most are produced near the cone tip in the high contrast case. In both cases, the

majority of electrons are produced in the near critical region spanning from 0.1nc to γnc.

With these simulations, the time-averaged extraction planes along the cone wall

and tip were able to detect a distribution of fast electrons which could be used in the

simulation of fast electrons transporting through the assembled core. The result of

the electron distributions can be seen in figure 5.4 where the results from the cone-tip
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Figure 5.4: LSP LPI predicted electron spectra for both high and low OMEGA-EP
pulses. High contrast simulation shows a significant enhancement in total number of
electrons reaching the cone wall and tip (where the detector box was located) when
compared to the low contrast case. High contrast case also showed higher overall slope
temperatures than the low contrast case.

extraction plane and the cone wall extraction plane have been added together in both

cases. Here we see that, in the high contrast case, significantly more fast electrons

are produced with a smaller pre-plasma scale-length. In the low contrast case, roughly

20% of the laser energy was converted to fast electron energy reaching the cone surface.

In the high contrast case, as much as 65% of the laser energy was converted to fast

electron energy. This difference in conversion efficiency is tremendous for FI when we

consider that the overall efficiency of a FI power plant is directly correlated to the

conversion efficiency of laser energy to fast electron energy. Additionally, the fast electron

distribution for both cases is well-characterized using a two temperature fit. In the low

contrast case, T1 and T2 are 0.6 and 4.0 MeV respectively while in the high contrast

case, T1 and T2 are 0.9 and 7.5 MeV respectively. In the low contrast case, each slope

temperature contains roughly 50% of the total fast electron energy whereas in the high

contrast case, roughly 90% of the energy is contained in the second, higher temperature.

A slightly higher slope temperature in the high contrast cases is not surprising considering



147

that, in both cases, the majority of electrons were produced in the near critical region

which, for the high contrast case corresponded to a region of high OMEGA-EP laser

intensity due to the fact that this region was closer to the cone tip.

5.2 Shell Implosion

Simulations of the shell implosion were performed by A. Solodov using the 2D

axisymmetric radiation-hydrodynamics code, DRACO [82]. DRACO is a code developed

at the Laboratory for Laser Energetics and includes the physics required to simulate

implosion, ignition, and burn of directly driven ICF targets. It includes a 3D laser ray

trace, radiation transport and uses a realistic equation of state. Additionally, cross-beam

energy transfer is included as well as nonlocal thermal electron transport. DRACO

uses an irregular mesh defined by an r/θ geometry which can very highly resolve the

compressed core at the tip of the cone. The output from DRACO is post-processed

using Spect3D [88]. Recent experiments [5] using cone-in-shell targets, diagnosed the

implosion process of similar targets to the ones presented here using an 8 keV backlighter

source. Those experiments have provided a detailed characterization of the assembled

fuel density and shape of a high-density plasma assembled at the tip of a short-pulse laser-

guiding cone. Those experiments were then compared with DRACO simulations of the

same target material and geometries and showed very good agreement, thus validating

the use of DRACO for simulating the implosion of the targets presented here.

The DRACO simulations were done using the target geometries for all target

designs presented in this dissertation. This included the 10 µm cone tip targets with

0.8 atm air filled inside the shell for campaigns LC-0.8 atm-10 µm and HC-0.8 atm-10 µm

as well as the targets with the 40 µm cone tip with evacuated shells from campaign

HC-Vac-40 µm. To get a better look at the implosion process simulated by DRACO,

incremental time-slice outputs of the LC-0.8 atm-10 µm and HC-0.8 atm-10 µm target,

starting at the instant when the OMEGA driver beams reach the outer shell (τD = 0 ns)

all the way through peak compression which occurred at τD = 3.9 ns to τD = 4.3 ns are

shown in figure 5.5. Here we see that the shell is completely intact and unchanged at

τD = 0 ns and then at τD = 1.0 ns, the shell position is, for the most part, unchanged,

but the outer ablator layer is beginning to ablate outward. This outward ablation then

causes an inward “push” on the shell causing it to implode. By τD = 2.0 ns, the shell

is clearly moving inward and compressing. Additionally hot-spot mix, where ablation of
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Figure 5.5: Time-slice outputs of DRACO shell implosion starting at τD = 0 ns corre-
sponding to the start of the OMEGA driver beams and going through cone-tip-breakout
time (τD = 3.9 ns) all the way to τD = 4.3 ns.

the inner surface of the shell, mixing with the 0.8 atm of air within the shell can be seen.

In standard ICF, this hot-spot mix is detrimental to heating of the hot spot because

mixing with the cold inner shell reduces the temperature of the hot spot, which in turn

reduces the neutron reaction rate, quenching the possibility of a thermonuclear burn to

initiate. In the case of the experiments presented here, mixing is not ideal because it

means that Cu atoms are ablating into the hot spot and increasing in temperature which

means they will no longer be detectable by the SCI due to temperature dependent line

shifting, as discussed in section 3.4.4. At τD = 3.0 ns, the OMEGA driver beams have

been shut off meaning the shell is now “coasting” inward at constant velocity where it

will eventually begin to slow down due to the PdV work from its own compression as

well as the PdV work required to to compress the air inside the shell. By τD = 3.7 ns, the

shell is beginning to stagnate and at τD = 3.9 ns (not shown here) the shell reaches peak

compression. By τD = 4.3 ns, the shell is beginning to disassemble with the converging

shocks having been reflected back radially outward.
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Figure 5.6: Comparison of DRACO density and temperature profiles with the SCI data
from campaigns LC-0.8 atm-10 µm and HC-0.8 atm-10 µm where both campaigns used
identical targets. The spatial extent of the Kα photons is well matched to the density
profiles seen by DRACO. Temperature profiles from DRACO also give some insight to
the reduction in Kα seen in the forward going direction.

Recalling from chapter 4, the delays between the OMEGA beams and the OMEGA-

EP beam from LC-0.8 atm-10 µm and HC-0.8 atm-10 µm were around 3.7 ns. For this

reason, the delay of 3.7 ns has been shown in figure 5.5 to illustrate the basic shape of

the density profile when the OMEGA-EP beam is injected onto the inner cone tip of

the Au cone. This “horseshoe” shape, beginning at about 100 µm back from the inner

cone tip and wrapping around the cone tip, is what the fast electrons interacted with on

experiment and is what the fast electrons in the transport simulations interacted with.

To get a better look at the exact density profile for the experimental timing delays

we have figures 5.6 and 5.7 showing the DRACO density and temperature profiles for
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Figure 5.7: Comparison of DRACO density and temperature profiles with the SCI
data from campaigns HC-Vac-40 µm where the cone tip diameter was increased and
the evacuated. The spatial extent of the Kα photons is well matched to the density
profiles seen by DRACO with more Kα being produced in the forward going direction
as compared to previous campaigns. Temperature profiles from DRACO show reduced
hotspot temperature by removing the air previously contained within the shell.

the exact delay used on experiment for all shots on all campaigns where the OMEGA-

EP energy was 500 J. Plotted along with this is the corresponding SCI data for each

delay. Starting with figure 5.6 showing both the LC-0.8 atm-10 µm and HC-0.8 atm-

10 µm because the targets were identical between campaigns. Figures 5.6a-c show the

SCI data from LC-0.8 atm-10 µm for the three delays of 3.65 ns, 3.75 ns, and 3.85 ns. In

this campaign, the OMEGA-EP contrast was low, containing about 20 mJ of energy.

Figures 5.6d-e show the SCI data from HC-0.8 atm-10 µm for the two delays of 3.65 ns

and 3.75 ns. There was no 3.85 ns shot taken in HC-0.8 atm-10 µm because it was shown

previously that this time corresponded to after cone-tip breakout time. Figures 5.6g-

i show the DRACO predicted density and temperatures profiles 3.65 ns, 3.75 ns, and

3.85 ns delay. Comparing the SCI data to the DRACO density profiles, it can be seen

that the SCI data overlaps with the density profiles with a decreasing spatial extent

with increasing delay seen for both. Another noticeable feature is the difference in Kα

signal from top to bottom. This signal should be identical due to the symmetry in the
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implosion which means the pointing accuracy of the OMEGA-EP beam onto the inner

cone tip was not ideal. Another noticeable feature is the apparent lack of signal in the

forward going direction for all shots (even more pronounced in the 3.85 ns delay shot).

On all shots, the DRACO density profile shows the highest density region being located

directly after the cone tip. Prior to these simulations, it was believed that core heating

was responsible for the lack of signal in the forward going direction, but here, we see

that the temperature of the high density region, just after the hot spot, is actually quite

cool. Also, comparing SCI data from LC-0.8 atm-10 µm to HC-0.8 atm-10 µm, it is clear

that the higher contrast laser was not sufficient in reducing the large offset distance in

the Kα seen far back along the cone wall.

Looking at figure 5.7, we have the data from campaign HC-Vac-40 µm. With an

evacuated shell, the implosion process was not slowed by the PdV compression of the

air inside. This feature is readily apparent when comparing the density profiles from

this figure to the previous figure with densities that are 2 or more times greater in the

evacuated shells at similar time delays. Additionally, these targets had a larger cone

tip diameter (40 µm) making it easier for the OMEGA-EP beam to reach the cone tip

with its 20 µm best focus spot size. Consequently, we see a significant increase in the

amount of Kα being produced in the forward going direction. Both time delays show

good agreement between the spatial extent of the density and the spatial extent of the

Kα.

Even with this qualitative comparison of the DRACO density and temperature

profiles with the experimental Kα profile, there is still much that is not understood and

cannot be understood through experiment alone. For example, there is no way to ex-

perimentally measure the slope temperature of the fast electrons on experiment. The

OU-ESM can show slope temperatures for the high end of the spectrum, but there is

still no information about the lower end of the spectrum which is much more respon-

sible for the Cu Kα production seen in these experiments. This is, in part due to the

geometry of the target itself. Previous work [34] used a cone-wire geometry to infer

slope temperatures. With this geometry, the slope temperatures could be visualized by

taking 1D lineouts along the uniform Cu wire. Here, on the other hand, the signal is

a 2D convolution of a non-uniform target and the electron beam. Also, the absolute

conversion efficiency is still unknown. We can, however, make conclusions about the

relative energy coupling to the core by assuming the electron source is identical for all
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shots within a campaign, therefore making changes in Kα yield directly attributable to

changes in energy deposition. Lastly, the lack of signal in the forward going direction

cannot be answered using simple qualitative analysis of the density, temperature and

Kα profiles. Therefore, in order to give a more full answer to some of the remaining

questions, simulations of the transport of fast electrons must be done. The results of

this transport modeling is discussed in the following section.

5.3 Fast Electron Transport Simulations

5.3.1 Numerical Modeling Basics

Here we will briefly discuss some of the basic features of numerically modeling a

plasma. When modeling a plasma, there are two primary treatments that can be done.

The plasma can be modeled kinetically, where every particle in the problem geometry is

tracked continuously throughout the simulation, solving equations of the physics as they

pertain to the given particle’s current state. Alternatively, the plasma can be modeled

as a fluid, where a thermal distribution of particles is tracked.

In the case of a kinetic code, it can easily be seen that the total number of

particles in a typical experiment greatly exceeds the number of particles that can be

simulated in a code. For example, if we assume that the OMEGA-EP beam has 500 J

of energy and converts 20% of it into fast electrons with a mean energy (from our

LPI simulations) of about 1 MeV we will have about 1015 fast electrons that will need

to be continuously tracked. Even if each particle only needed one byte of RAM to

store all of its tracked information, this would require a computer with 1 PB of memory

available, without even factoring in the footprint of the code itself. Not to mention the

difficulties with the CPU where a 1 GHz CPU, solving a single equation (assuming a 4

flop equation), applied to all 1015 fast electrons would require over a week to complete a

single time-step when a simulation might have thousands of time-steps. Clearly this is

not feasible. As a solution to this, a technique called particle-in-cell was developed [89]

which uses “macro-particles” representing a large group of individual particles as the

simulated species. A macro-particle is a particle (let’s say an electron in this example)

that has the same charge-to-mass ratio as a normal electron, but is much more massive

and has a greater charge. But, since its charge-to-mass ratio is identical to a normal,

individual electron, it behaves identically to a normal electron when exposed to a field,
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such as an electric field. The particle-in-cell technique goes even further by calculating

field quantities, such as pressure, current, electric field and magnetic field on a spatial

and temporal grid. The total number of grid points will be large compared to the grid-

normalized problem geometry (Ngrid � 1) but small compared to the total number of

macro-particles in the problem geometry, thereby reducing the computational load of the

given simulation. That being said, this process comes at a cost. The spatial scale of the

physical problem in question must be large compared to the size of the grid, otherwise

physical phenomena will not be adequately resolved.

For a fluid code, (excluding fluid-PIC codes) everything is calculated on the grid

points, similar to how the field quantities were calculated on the grid points for a kinetic

code. Rather than having individual particles, now the code is additionally calculating

the density. More specifically, a fluid code starts with a velocity distribution function

and calculates the moments (density, mean velocity, energy) of the distribution function

along the grid points. The computational load is then purely defined by the size of the

spatial and temporal grid. In order for a fluid code to produce physically reasonable

results, the particles must obey some velocity distribution function and also must not

be relativistic.

One very powerful configuration is to use a hybrid of the two approaches. For

example, in a fast electron transport study, the fast electrons must be treated kinetically

due to their relativistic velocity and also because of the need to resolve the non-linear

interaction of these fast electrons as they transport. But, the background that these fast

electrons transport through need not be modeled kinetically. The background plasma

will typically be nowhere near relativistic temperatures, and the exact motion of individ-

ual background particles is not needed. By using a fluid approach for the background,

the critical physical effects will still be calculated such that the kinetic electron interac-

tion remains physical, but the computational load of the entire simulation will only be

increased by a numerical factor times the grid size. Which, compared to a kinetic sim-

ulation, is small considering that the most computationally expensive part of a kinetic

code is the particle mover routine.

5.3.2 Simulation Overview

To simulate the fast electrons transporting through the Au cone and assembled

fuel, the hybrid particle-in-cell code, ZUMA [85], was used by the author. ZUMA is a
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code developed at LLNL by David Larson specifically for the investigation of relativis-

tic electron transport. It treats the fast electrons, injected into the problem geometry,

kinetically via standard relativistic PIC methods where the macro-particle electrons are

tracked in continuous phase space while the remaining quantities, such as density, fields

and current are calculated at discrete points along a mesh. ZUMA reduces the compu-

tational load (as compared to other kinetic codes such as LSP) by virtue of a reduced

equation of motion which neglects the electron inertial term, thereby eliminating physics

on fast timescales such as Langmuir and light waves. The field and particle motion

equations are solved explicitly which greatly reduces simulation time, but also reduces

stability due to numerical heating when the spatial or temporal grid is not properly

resolved. Additionally, the background is not treated kinetically; rather it is treated as a

collisional fluid (as was discussed in the previous section) along with fast electrons which

have lost enough of their initial kinetic energy that their energy is below a user-specified

threshold. Making use of the fact that ions are, at least, ∼ 2000× heavier than electrons,

the ions are fixed, simplifying the problem geometry even further.

The goal of this study was to get a better understanding of the primary char-

acteristics of the fast electron source (ie. slope temperature, conversion efficiency and

angular divergence) that were seen on experiment producing Cu Kα in the assembled

core. Additionally, as was seen in section 5.1.1, with a large pre-formed plasma, the

critical density can be pushed significantly far back from the cone tip. So, a charac-

terization of the source position was also performed. To do this, a retrograde analysis

was carried out over the four dimensional parameter space (slope temperature, conver-

sion efficiency, angular divergence and generation position) where a series of individual

simulations were carried out varying the parameter space values. The output was then

processed and compared with the experimentally observed Cu Kα yield, which will be

discussed in more detail later. Even with ZUMA being computationally light, a four

dimensional parameter space still requires a large number of simulations with a mere 10

points in each parameter space resulting in an unreasonable, 104 simulations. For this

reason several steps were done to ensure the smallest number of simulations were done

as was reasonably possible. To limit the conversion efficiency parameter space, electric

and magnetic fields were turned off. By turning off electric and magnetic fields, the con-

version efficiency would scale linearly with the Cu Kα yield therefore making any scan

in conversion efficiency space unnecessary and reducing the simulation parameter space
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Figure 5.8: Parallel transport simulation study results using LSP. Simulations were
performed with (left column) and without (right column) fields to verify the role and
impact that fields played on the Cu Kα spatial profile and total yield. Results showed a
minimal difference in total Cu Kα yield (7%) without fields due to fewer electrons being
deflected forward.

by one dimension. Next, the variation in the spatial profile of fast electron produced Cu

Kα as a function of slope temperature was found to be negligible. Because of this, source

divergence and position scans were all done at a single slope temperature of 500 keV,

reducing the number of necessary simulations even further. Also, the divergence scan

was run exclusively at a source position 100 µm back from the inner cone tip in ac-

cordance with the HYDRA-predicted pre-formed plasma showing a 100 µm scale-length

pre-plasma. Lastly, the source position scan was run with a fully isotropic source distri-

bution in 4π so that, at source positions very close to the cone tip, Cu Kα would still

be produced behind the injection point. With these modifications, the parameter space

was essentially decoupled making the total number of simulations linearly dependent on

the number of simulations performed within each parameter space (which still meant 30

simulations per experimental shot!).
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To justify the choice of not using electric and magnetic fields, LSP transport sim-

ulations were run with and without fields to determine the extent to which fields played

a role. Figure 5.8 shows the results of these simulations with a side-by-side comparison

of the two simulations (again, with and without fields) showing the azimuthal magnetic

field, electron density and Cu Kα spatial profiles. Results from these simulations showed

only a 7% reduction in total Cu Kα photons produced with slightly more electrons being

directed forward from the azimuthal magnetic fields.

5.3.3 Simulation Setup

In this section the setup of the ZUMA simulations will be discussed including

modifications to the source code that were necessary to carry out a simulation of a Cu-

doped target with the background plasma profile coming from a radiation-hydrodynamics

code (DRACO). First the equations in ZUMA will be discussed. Without electric and

magnetic fields, the primary equations being used within ZUMA were the equations

for the fast electron energy loss (eq. 5.1) and scatter defined in reference [29] and the

equations governing the probability that a Cu Kα photon will be produced [66] (eq. 5.2).
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Where Kprob/ρR is the probability that a K-shell photon will be produced by an

incident fast electron per range traveled by the incident electron. ωR is the radiative

fluorescence yield and is defined as the ratio of the radiative relaxation rate, ΓR, of a

K-shell vacancy to the total relaxation rate, Γ, of a K-shell vacancy, ωR = ΓR/(ΓR+ΓA+

ΓCK), where ΓA is the Auger relaxation rate and ΓCK is the Coster-Kronig relaxation

rate. nK is the number of electrons in the K-shell. a0 is the Bohr radius. GR is

Gryzinski’s relativistic correction defined as follows:
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Where U is the overvoltage, defined as the ratio of the electron kinetic energy to

the ionization energy of electrons in the K-shell. J is a ratio of the rest mass energy of

an electron to the threshold energy of producing a K-shell photon. Ry is the Rydberg

constant. EK is the minimum threshold energy for producing a K-shell vacancy. CU

is an exponent that depends on U . And DU is a Taylor expansion of Bethe’s original

function [62], ln(U)/U , to second order with constants in each expansion being modified

to fit a linear interpolation of experimental data from [66].

In order to simulate the transport of fast electrons through an imploded, Cu-

doped plastic shell, the ZUMA input was modified to take the output from DRACO

at specific output times during the shell implosion. We chose the same output delays

as our experimental delay scan (3.65 ns, 3.75 ns, 3.85 ns) and assumed the timescales of

our transport simulations to be short compared to the timescales of the hydrodynamic

simulations so that there would be no need to couple DRACO and ZUMA as has been

done using HYDRA and ZUMA in previous work [90] as well as DRACO with LSP in

previous work [36].

In addition to modifying ZUMA’s input to allow for rad-hydro output from

DRACO, ZUMA also had to be modified to take on mixed materials within a single

cell (given our Cu-doped deuterated plastic targets). Rather than a complete modi-

fication of ZUMA to allow truly mixed materials within a cell; a much more simple

modification was proposed by the author and is explained as follows. Since our mixed

material is predominately carbon (∼ 81% by mass), we assume the material physics is

dominated by carbon and hence use a single material of Carbon throughout the entire

compressed core simulation zone. In order to calculate Cu Kα being produced from

our Cu tracer, we modified the ZUMA Kα probability module (see table 5.1) placing it

within an “if” loop. A number generator is then used which produces pseudo-random

numbers between 0 and 1. If the random number produced is less than the Cu dopant

fraction (0.009), the if-loop is satisfied and all of the material properties are switched

to Cu prior to calculating the Kα probability. By doing this, the fast electron energy

loss due to impact with a Cu K-shell electron is energetically accounted for giving a

more accurate description of the transport within the Cu-doped compressed core. For
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Table 5.1: Modification to ZUMA source code. Minimal working example of the modi-
fications to the ZUMA drag and scatter routine to make the code “behave” like a mixed
material code with a Cu-dopant in a C plasma at 0.9% atomic density.

if ( anum == 6 ) then

call kalpha_cross_section( anum_c, energy, xsection )

kalpha_probability_c = 0.5 * ( v + vnew ) * dt &

* omega_k_c * den / anum_c * xsection

call kalpha_cross_section( anum_cu, energy, xsection )

kalpha_probability_cu = 0.5 * ( v + vnew ) * dt &

* omega_k_cu * den / anum_cu * xsection

call random_number( rn )

if ( rn <= 0.009 ) then

kalpha_probability = kalpha_probability_cu

else

kalpha_probability = kalpha_probability_c

endif

endif

example, if the simulations were carried using carbon Kα rather than a Cu, the overall

number of Kα photons produced would be about 104 more because carbon’s cross sec-

tion is about 100× greater plus, the Cu is doped at roughly 0.01, making the product

of those two differences equal to 104. If this were the only difference, the simulations

could have been carried out using carbon with a simple correction factor done in the

post-processing. But the impact energy threshold for producing carbon Kα is 277 eV

which is significantly lower than Cu which is 8.048 keV. What this means is a 10 keV

electron traveling along will only be able to produce one Cu Kα photon whereas it will be

able to produce 36 C Kα photons. This correction factor cannot be fixed with a simple

factor in the post-processing and must be solved for numerically.

Once ZUMA had been adequately modified for it’s use in diagnosing a Cu-doped

plastic, assembled fast ignition target, the output had to be modified to compare with the

SCI experimental findings. Firstly, as stated before, ZUMA was run in 2D R/Z geometry

but the SCI data is a three dimensional projection onto a two dimensional surface (the

image plate film). To correct for this, the Cu Kα spatial output from ZUMA is assumed

to be azimuthally symmetric and is then rotated along the azimuth to produce a three

dimensional matrix. The pixels along the line-of-sight from the location of where the

imaging plate would be in the ZUMA simulation are then summed together producing a
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two dimensional matrix of the projection of the, now, 3 dimensional output from ZUMA.

Furthermore, opacity corrections are made during these line-of-sight summations. In this

case both cold and hot opacity corrections were tested, yielding similar enough results (to

within a few percent) that the cold opacity[91] model was used. Secondly, temperature

corrections (as discussed in section 3.4.4) to the Cu Kα collection efficiency of the SCI

had to be made. Since the SCI only has a 6 eV spectral bandwidth, any shifting of

the mean Kα line energy will cause the number of Cu Kα photons satisfying the Bragg

condition of the crystal to go down. This correction factor from Sawada et al. [70] was

then applied, pixel-by-pixel to the 3D matrix prior to the line-of-sight summation using

the DRACO-predicted temperature profile.

With the ZUMA-produced Cu Kα distribution in the exact same format as the

SCI detected Cu Kα profile from experiment, one can qualitatively compare the two

images by simply comparing the location of the Kα photons. In order to get a quan-

titative comparison of the experimental SCI data and the ZUMA-simulated spatial Cu

Kα distribution, a procedure was developed by the author as follows. First, both the

SCI data and the post-processed (converted to a 3D projection) ZUMA Kα output are

normalized such that the sum of all the pixels in each image adds to one. By doing this,

the pixels in each image will have the same relative weight without errors associated with

differences in absolute numbers. Essentially, the shape of the Kα photons in each image

is the only feature of concern here rather than absolute values of the overall signal which

is more of an issue with conversion efficiency than it is with spatial distribution. Next,

the normalized SCI image is subtracted from the ZUMA image resulting in a pixel-by-

pixel difference between the SCI and ZUMA images. In order to interpret the results in

a more meaningful way, the difference image is converted to a χ2 representation by the

following method. First, each pixel from the difference image is squared and then di-

vided by the standard deviation of the normalized SCI image and the normalized ZUMA

image, added in quadrature. The interpretation of the results is such that each pixel

in the difference image is now represented as a percentage of the number of standard

deviations that a given pixel in the ZUMA image is different from the corresponding

pixel in the SCI image. The results are then summed and divided by the total number

of pixels, resulting in a reduced χ2 of the overall difference between the simulated and

experimental results.

As was seen in the previous chapter, there were pointing issues with the OMEGA-
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EP beam because the pointing accuracy of the beam was actually larger than the diam-

eter of the cone tip (especially in the 10 µm cone tip campaigns) which led to many of

the SCI images having a stronger Kα signal on one side or the other. To compensate

for this, the SCI data was averaged from top to bottom, so that the weaker signal gets

averaged together with the stronger signal to give a better representation of what the

signal would have looked like had the pointing been correct.

This procedure was used in the analysis of the source divergence and source

position scans which will be shown in the following two sections.

5.3.4 Source Divergence Scan

The divergence scan was carried out using a range of ZUMA simulated fast elec-

tron source divergences varying from 10 ° to 90 ° in 10 ° increments. The divergence angle

here is defined as the maximum angle with which an electron will be injected into the

problem geometry. Within the injection “cone” angle, the fast electrons are distributed

isotropically assuming a three dimensional geometry. The source was injected into the

problem geometry 100 µm back from the inner cone tip as a result of the HYDRA simula-

tions showing a 100 µm scale-length pre-plasma as a result of the 20 mJ, ∼ 3 ns pre-pulse.

An isotropic source is typically not recommended (and also not entirely physical) because

very strong and unphysical magnetic fields will develop at the cone angle boundary due

to the sharp gradient in fast electron density. Without fields, though, this was not an

issue. If fact, by having a “hard edge”, differences in the Cu Kα profile produced by the

isotropic source at varying angular divergences was more prominent. To be more clear, if

a Gaussian angular divergence were used, there would still be electrons being injected at

90 ° even with a source that has an angular standard deviation of 10 °. With this, making

distinctions between different electron divergences becomes less clear. With an isotropic

distribution with a cone angle of 10 °, no electrons will be injected at (for example) 90 °

making it very clear when a source is a bad match to the experimental data or not.

Figures 5.9 through 5.15 show the ZUMA-simulated Cu Kα profiles for all ex-

perimental shots over all three campaigns. Rather than showing all simulated source

divergence results, the fast electron source divergences shown are 10 ◦, 50 ◦, and 90 ◦ to

minimize the plot sizes while still giving a good demonstration of the changes in the Kα

spatial profile with changes in source divergence. Shown along with the ZUMA results is

the SCI image (on the top of each figure) at the same delay as the DRACO simulations
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used for input in the ZUMA simulation. Also, plotted with the ZUMA Kα profiles is

the resulting χ2 image of the comparison between the SCI data and the ZUMA results.

With these plots each taking up a whole page, the author thought to leave the detailed

description of each figure within the caption of each figure to reduce clutter and keep

the necessary information for each figure with each figure, rather than having it be many

pages away. A more general discussion of the results from the analysis is presented in

the following paragraphs.

In section 5.2, in figures 5.6 and 5.7, we can see that there was a significant

amount of cold and dense Cu-doped shell on axis, just after the hotspot that seemed to

produce very little Cu Kα according to the SCI. In the ZUMA simulations, this feature

was also seen when using large source divergence angles. This suggests that the lack of

signal in the forward-going direction is simply a matter of the source position being too far

away to efficiently produce Kα photons. This point becomes more clear when examining

the narrow divergence angle simulations, where there is a relatively large amount of Cu

Kα being produced in this region due to the fact that the electrons are essentially being

collimated towards this high density region after the hotspot. Campaigns LC-0.8 atm-

10 µm and HC-0.8 atm-10 µm had the same DRACO density profile used because the

target design for both experiments was identical. Although the contrast was improved

between the two campaigns, the results are relatively similar, indicating that improving

the contrast was not enough to change the source offset position with only a slight

reduction in Kα signal far back from the cone tip.

Figure 5.16, at the end of this section shows the reduced χ2 for all simulations

for all shots and all campaigns for this divergence scan. In these plots, there are many

data points which have a reduced χ2 of less than one which might seem as though all

of the source divergences produced reasonably similar results to experiment. This is not

true. The reduced χ2 values are, overall, relatively low because all of the images (both

experimental and simulated) have large background areas (blue regions) where there is

no Kα signal. Naturally comparing the difference between two values being equal in

magnitude results in a reduced χ2 of zero. Because of this, it is important to focus on

changes in the reduced χ2 values as the source divergence changes. Looking at these

changes, we see that all experimental shots saw a best fit to the data with source diver-

gences greater than 90°, indicating that the source divergence seen on experiment must

have been highly divergent. Additionally, the changes in the reduced χ2 in campaign
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HC-Vac-40 µm indicate that a 100 µm source offset distance might be too large because

the improvement to the fit with increasing source divergence is not as drastic as in the

previous two campaigns.
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Figure 5.9: Source divergence scan for LC-0.8 atm-10 µm at 3.65ns delay. Comparison
of ZUMA source divergence simulations with experimental data from campaign LC-
0.8 atm-10 µm with a delay of 3.65 ns. Experimental data showing a peak in Kα about
100 µm back from the cone tip. ZUMA simulation with 10 ◦ source divergence showing
very large signal in the forward going direction. The χ2 plot for the simulated 10 ◦ source
divergence indicating that too many Kα photons (blue) are produced in the forward going
direction while too little Kα photons (red) are produced near the side walls. For the
50 ◦ and 90 ◦ simulated source divergences there is much better agreement, with both
simulations having the characteristic “lobe” feature originating 100 µm back from the
cone tip along the cone wall. The lack of signal in the forward-going direction for these
larger source divergences is also consistent with the experimental data.
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Figure 5.10: Source divergence scan for LC-0.8 atm-10 µm at 3.75ns delay. Compar-
ison of ZUMA source divergence simulations with experimental data from campaign
LC-0.8 atm-10 µm with a delay of 3.75 ns. Experimental data is similar to the 3.65 ns
delay except with a slightly smaller spatial extent and a lobe feature that is slightly
more forward consistent with the DRACO-predicted density profile, as was discussed
the previous chapter. ZUMA simulation with 10 ◦ source divergence again showing a
large forward-going signal, inconsistent with experiment. For larger source divergences,
there is much better agreement in the forward going direction, but the lobe feature along
the side wall is not as well predicted as it was in the 3.65 ns delay case with experiment
showing a slightly larger spatial extent. But, the location of the starting point of the Kα

along the side wall from simulation is in good agreement with experiment.
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Figure 5.11: Source divergence scan for LC-0.8 atm-10 µm at 3.85ns delay. Comparison
of ZUMA source divergence simulations with experimental data from campaign LC-
0.8 atm-10 µm with a delay of 3.85 ns. Experimental data showing a smaller Kα spatial
extent then the earlier two delays, consistent with an imploding shell. At this point in
the implosion, the imploding plasma has broken through the cone tip and started to
fill the inside of the cone. Because of this, the interaction region of the OMEGA-EP
laser is inherently different meaning the source produced is inherently different. Like
the previous two delays, this delays shows general inconsistencies with the 10 ◦ source
divergence. With larger source divergence, there are still some inconsistencies in that
the now high density, cool shell near the hotspot is producing a significant amount of
Kα the isn’t necessarily seen by the SCI. The spatial extent is also significantly larger
in experiment than even the 90 ◦ source divergence. But, the χ2 plots still show overall
better agreement with increased source divergence.



166

Figure 5.12: Source divergence scan for HC-0.8 atm-10 µm at 3.65ns delay. Comparison
of ZUMA source divergence simulations with experimental data from campaign HC-
0.8 atm-10 µm with a delay of 3.65 ns. Experiments here used the same targets from LC-
0.8 atm-10 µm and therefore the same ZUMA simulatedKα distribution is presented here.
With the experimentalKα being different from the previous campaign, the χ2 comparison
plot is different. But, like the previous comparisons, the 10 ◦ source divergence is a
bad match to experiment. The 50 ◦ and 90 ◦ source divergences, however show good
agreement with experiment, showing the characteristic lobe feature along the cone wall.
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Figure 5.13: Source divergence scan for HC-0.8 atm-10 µm at 3.75ns delay. Comparison
of ZUMA source divergence simulations with experimental data from campaign HC-
0.8 atm-10 µm with a delay of 3.75 ns. In this particular experimental shot, there is
an anomalously large amount of Kα photons being produced at distances greater than
100 µm from the inner cone tip. This wasn’t seen on other shots, and also doesn’t appear
to be possible with the DRACO-predicted density profile. Unfortunately, this also makes
drawing conclusions by comparing with simulation difficult because the anomalous signal
will get factored into the χ2 plot.Even with this anomalous signal, it is clear that a narrow
divergence angle is not a good fit to the data.
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Figure 5.14: Source divergence scan for HC-Vac-40 µm at 3.70ns delay. Comparison
of experimental data from campaign HC-Vac-40 µm with a delay of 3.70 ns. Here, the
experimental and simulated targets are different than the previously mentioned work.
Target shells were evacuated and the cone tip diameter was increased from 10 µm to
40 µm. Here, we still see that a narrow source divergence is still not a good fit, but the
overall experimental Kα signal is being produced much closer to the cone tip than in the
previous campaigns. With larger divergence, the overall fit is not significantly improved,
suggesting the the source position in these shots should be closer to the cone tip than
was simulated here.
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Figure 5.15: Source divergence scan for HC-Vac-40 µm at 3.90ns delay. Comparison
of experimental data from campaign HC-Vac-40 µm with a delay of 3.90 ns. This ex-
perimental shot is after cone-tip-breakout, meaning the interaction region within the Au
cone is different than in the previous shot. The amount that it is different is unclear
because it depends on how much assembled core plasma has filled the cone. Even still,
the Kα profile still shows a much more forward directed distribution than was seen in
previous campaigns. Similar to the previous shot on this campaign, the narrow source
divergence is inconsistent with experiment, but larger source divergence show little im-
provement, suggesting the source position needs to be closer to the cone tip to better
match to experiment.
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Figure 5.16: Reduced χ2 for the divergence scan angles for all shots on all campaigns.
All campaigns show noticably better fits to the experimental data with larger source
divergences indicating that the electron source divergence seen on experiment was very
wide and could have even been fully isotropic. With the 10 µm cone tip campaigns,
there is a very large improvement (χ2/DoF going from ∼ 2 → 0.5) in the fit to the
experimental data with increasing source divergence, but a much weaker improvement
with the 40 µm cone tip diameter suggesting that the source position should be moved
closer to the cone tip.
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5.3.5 Source Position Scan

As a secondary means to verifying the large, 100 µm, pre-plasma resulting from

the OMEGA-EP pre-pulse, a source position scan using ZUMA was done. Here, the

location of the fast electron injection position was varied in the problem geometry relative

to the location of the inner cone tip and ranged from 0 µm to 100 µm away from the inner

cone tip in 10 µm intervals. The electron source divergence for this scan was set at 4π

isotropic (a point source emitting in all directions). The reason for this large divergence

is because the SCI data consistently show Cu Kα being produced 100 µm back from the

location of the inner cone tip. So, for example, with a source injection position at 10 µm

from the inner cone tip, fast electrons must travel backwards in order to interact with

the Cu-doped CD region 100 µm back from the cone tip. Without backwards traveling

fast electrons, the source position scan would be futile as none of the source positions

closer than 100 µm would produce results similar to the experimental results.

Figures 5.17 through 5.23 show the ZUMA-simulated Cu Kα profiles for all ex-

perimental shots over all three campaigns. Rather than showing all simulated source

position results, the fast electron source positions shown are 10 µm, 50 µm, and 100 µm

to minimize the plot sizes while still giving a good demonstration of the changes in the

Kα spatial profile with changes in source position. Shown along with the ZUMA results

is the SCI image (on the top of each figure) at the same delay as the DRACO simulations

used for input in the ZUMA simulations. Also, plotted with the ZUMA Kα profiles is

the resulting χ2 image of the comparison between the SCI data and the ZUMA results.

Again, the detailed description of each figure is in the caption of each figure to reduce

clutter and keep the necessary information for each figure with each figure, rather than

having it be many pages away. A more general discussion of the results from the analysis

is presented in the following paragraphs.

In section 5.1.1, it was shown that with the low contrast OMEGA-EP pedestal

pulse, a large, 100 µm scale-length pre-formed plasma would develop inside the cone,

causing the interaction region of the OMEGA-EP main pulse to be pushed equally far

back. Using a high contrast OMEGA-EP pedestal pulse, it was shown that a much

smaller pre-formed plasma would develop with the critical density only pushed 10 µm

from the inner cone tip. Additionally, in section 5.1.2 it was shown that the region

where fast electrons were generated, in both contrast cases, was predominately in the

near critical region from 0.1nc to γnc. And for the high contrast case, the OMEGA-EP
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main pulse was seen to reach all the way to the cone tip. With this, we would expect

the source position scan to indicate a source position between about 80 µm and 120 µm

for the low contrast case and for the high contrast case, we would expect to see a source

position much closer, ranging from 0 µm to about 20 µm.

For the low contrast case, we see a source position that is slightly closer than

predicted by the HYDRA preformed plasma, with a best fit source position of 50 µm.

This may be underestimated because of the chosen isotropic source as discussed pre-

viously. In the LC-0.8 atm-10 µm campaign shot after cone-tip-breakout (3.85 ns), the

source position fitting routine shows increasingly better fits to the data with increasing

source positions, meaning the best fit, after cone-tip-breakout could be even farther back

than 100 µm. This is very conceivable considering the assembled core, breaking through

the cone is about 500 eV which corresponds to a thermal velocity of about 10 µm/ps. If

cone-tip-breakout time occurs at 3.75 ns, this would give the assembled core 100 ps to fill

the cone while traveling 10 µm/ps. This is obviously a back-of-the-envelope estimation,

but apparently there is ample time for a significant amount of assembled core plasma to

fill the cone, making the interaction region significantly different than at the early time

delays.

With the high contrast data, the source position scan gives a best fit standoff

position similar to that predicted by HYDRA with a best fit source position at the

cone tip (0 µm) for the delay prior to the cone-tip-breakout time and a source position

slightly farther back (20 µm) with a delay after cone tip breakout. This result is very

important for the overall picture of fast ignition and fast ignition point designs. With

this experimental platform, the key fast ignition parameters were more readily diagnosed

which led to improved target designs (evacuated shell, increased cone tip diameter) which

has resulted in a very clear improvement in the source generation position, which in turn

results in better coupling to the core due to reduced transport distances.
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Figure 5.17: Source position scan for LC-0.8 atm-10 µm at 3.65ns delay. Comparison
of experimental data from campaign LC-0.8 atm-10 µm with a delay of 3.65 ns. Experi-
mental data showing a lobe feature extending from roughly the cone tip to 100 µm back
from the cone tip. With a source position 10 µm back from the cone tip, we see a similar
lobe feature in spatial extent to what is seen in experiment except that is significantly
translated along the cone axis forward. The χ2 plot for this source position confirming
this result. With a source position of 50 µm, the lobe feature is both similar in spatial
extent and position with respect to the cone. The χ2 plot for this source position shows
better agreement than the 10 µm source position case. For the 100 µm source position,
there is, yet again a clear lobe feature, but its location appears to be slightly farther
back than what is seen on experiment. The χ2 plot for this source position appears to
have better overall agreement. But it will be seen in the reduced χ2 plot for all source
positions that this is not actually the case. This is because even though the blue region
in the χ2 plot for the 100 µm is spatially small, its magnitude is quite high making its
overall fit not as good as shorter offset distances.
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Figure 5.18: Source position scan for LC-0.8 atm-10 µm at 3.75ns delay. Comparison of
experimental data from campaign LC-0.8 atm-10 µm with a delay of 3.75 ns. Experimen-
tal data showing a similar spatial extent to the previous figure except slightly smaller.
Once again a source position of 10 µm shows a lobe feature that is too far forward with
the χ2 plot confirming this result. The 50 µm source position, on the other hand show
a very similar lobe compared with experiment. And lastly, the 100 µm source position
shows a lobe feature that is too small and too far back from the cone tip when compared
with experiment.
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Figure 5.19: Source position scan for LC-0.8 atm-10 µm at 3.85ns delay. Comparison
of experimental data from campaign LC-0.8 atm-10 µm with a delay of 3.85 ns. This
experimental shot was shown through DRACO simulations to be after cone-tip-breakout.
Meaning the source produced here cannot be assumed to be similar to the previous two
delay times. Even still, it is clear that a 10 µm source position is not a good fit to the
experimental data. At a source position offset of 50 µm, the spatial extent appears to
be very well matched to experiment. Lastly, as 100 µm, the Kα profile does not seem to
be in very good agreement with experiment. But, as will be shown in the reduced χ2

plot, the 100 µm gives the lowest reduced χ2 values indicating that the assembled core
has broken through the cone tip and effectively pushed the critical density back even
farther back than it already was. This also shows that even with a χ2 image, the choice
of image contrast can make analysis tricky and sometimes misleading which is why the
reduced χ2 plot is so important.
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Figure 5.20: Source position scan for HC-0.8 atm-10 µm at 3.65ns delay. Comparison
of experimental data from campaign HC-0.8 atm-10 µm with a delay of 3.65 ns. The
simulated Kα plots are the same as was used in the previous figures because these two
campaigns had the same targets. The only difference is that the experimental data here
came from a high contrast OMEGA-EP beam. Similar to the 3.65 ns shot from the
previous campaign, there is general agreement that a 50 µm source position is a better
fit than the 10 µm and the 100 µm source positions. It will be shown in the reduced χ2

plot that the optimum source position is actually slightly closer (by about 10 µm) than in
the low contrast campaign indicating that a higher contrast did move the critical density
slightly closer to the cone tip, although not by as much as anticipated.
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Figure 5.21: Source position scan for HC-0.8 atm-10 µm at 3.75ns delay. Comparison
of experimental data from campaign HC-0.8 atm-10 µm with a delay of 3.75 ns. The
experimental data from this shot is slightly tricky because of an anomalously high number
of ]ka photons being produced even farther back than 100 µm from the cone tip. This
feature could be caused by some of the Cu-doped plastic being “left behind” during
the implosion of the shell. In any case, this feature made a precise understanding of
the source position somewhat difficult because the χ2 routine was fitting to this part
also, making very large source position fit very well, even when they don’t in other
experimental shots. That being said, the 50 µm source position seems to fit well with
the lobe feature that is not anomalously far back.
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Figure 5.22: Source position scan for HC-Vac-40 µm at 3.70ns delay. Comparison
of experimental data from campaign HC-Vac-40 µm with a delay of 3.70 ns. Here the
experimental data is from an evacuated shell with a cone tip diameter of 40 µm. Unlike
the results from the previous two campaigns, the lobe feature is clearly more forward
directed. In fact, a source position of 10 µm appears to be the closest fit in terms of the
spatial extent and location along the cone axis. It will shown in the reduced χ2 plot that
a source position directly in contact with the inner cone tip (0 µm) provides the lowest
reduced χ2 value indicating that the source position has improved with the use of a high
contrast OMEGA-EP beam and a larger cone tip diameter.
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Figure 5.23: Source position scan for HC-Vac-40 µm at 3.90ns delay. Comparison of
experimental data from campaign HC-Vac-40 µm with a delay of 3.90 ns. The experi-
mental data presented here is also from an evacuated shell with a cone tip diameter of
40 µm. At this time delay, the cone tip has broken meaning plasma is beginning to fill
the cone. Even still, the experimental Kα lobe is much farther forward than in previous
campaigns, indicating that the critical density is at least closer than 50 µm from the cone
tip. At a later time delay, the shell is much more dense, with a much smaller spatial
extent. Given the size of the experimental Kα spatial extent, the 10 µm source position
no longer seems to be the best fit. The 50 µm source position, on the other hand does
seem to be a better fit. It will be shown in the reduced χ2 plot that a source position of
10 µm or 10 µm has the lowest reduced χ2 indicating that the critical density has been
pushed back slightly due to the assembled core plasma filling the cone.
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Figure 5.24: Reduced χ2 of the difference between simulation and experiment for differ-
ent source positions for all experimental delays on all campaigns. For LC-0.8 atm-10 µm,
3.65 ns and 3.75 ns delays show an optimized source position of 50 µm. This changes after
cone-tip-breakout where a much longer source offset is predicted. In HC-0.8 atm-10 µm,
3.65 ns delay shows slightly shorter source offset than the previous campaign. With the
anomalous Kα signal far back from the cone tip in the 3.75 ns shot, finding an ideal
source position was not possible because the fitting routine used the anomalous signal
as part of its calculation predicting a very large source offset. In HC-Vac-40 µm, calcu-
lations predict a source position directly next to the cone tip. After cone-tip-breakout,
the source position is moved slightly back.
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5.3.6 Temperature and Conversion Efficiency Estimation

The source temperature scan was carried out using a range of ZUMA simulated

fast electron slope temperatures of the form f(e) ∝ exp(−E/Te) where E is the fast elec-

tron kinetic energy and Te is the slope temperature of the distribution of fast electrons.

Slope temperatures ranged from 0.1 MeV up to 10.0 MeV in exponential increments.

Unlike the LSP LPI predicted spectrum, which saw a best fit using a two-temperature

distribution, the slope temperatures used here were all single temperature distributions.

The reason for this was again to minimize parameter space. With no fields, outputs

using two different source temperatures could be added together in any arbitrary frac-

tional amount to produce the Kα spatial profile and total yield that would have been

produced had a two-temperature distribution been used. Also, rather than examining

the spatial profile of the Kα, as was done in the divergence and position scans, the to-

tal Kα simulated yield was used here and compared with the yield from the absolutely

calibrated Zinc von Hamos spectrometer that was used on experiment. Because of this,

temperature corrections to the Cu Kα collection efficiency were not made because the

ZVH is not sensitive to Cu Kα line shifting, but target opacity corrections were made.

The reason for using the absolute Cu Kα yield rather than the spatial profile was be-

cause the spatial variation of Kα from different slope temperatures was quite low. Doing

a χ2 analysis, comparing the Kα spatial distribution for a 0.1 MeV slope temperature

versus a 0.5 MeV slope temperature yields a reduced χ2 of less than 0.2 which is smaller

than any of the χ2 values seen in the divergence and position scans meaning the level of

uncertainty in this type of analysis would have been much higher.

The source position for this temperature scan was 50 µm back from the cone tip,

in accordance with the best fit source position from the source position analysis. The

divergence was 4π isotropic, also from the source position scan. The total energy injected

in the form of energetic electrons was 150 Joules which corresponded to a conversion effi-

ciency of 30 % when considering a laser energy of 500 J. With no fields, the Cu Kα yield

and spatial distribution scale linearly with total injected energy making comparisons with

different conversion efficiencies a simple issue in the post-processing of the output from

ZUMA. This is an important feature because the source temperature and conversion effi-

ciency are inherently coupled, with higher slope temperatures generally producing fewer

Kα photons, meaning a particular combination of both slope temperature and conver-

sion efficiency could match the yield seen on experiment regardless of how physically
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Figure 5.25: Low contrast slope temperature scan using ZUMA. Temperature range
from 0.1 MeV to 10.0 MeV. Results are compared with experimentally observed total
Cu Kα yield from the ZVH (black dotted line).

accurate it may be. To constrain the two parameters, we use the LSP LPI predicted

slope temperature and conversion efficiency as well as the ponderomotive temperature

as guides. Recalling from the LSP LPI, for the low contrast simulation, the conversion

efficiency was on the order of 20% with a mean energy in the two-temperature fit of

about 1.5 MeV. For the high contrast case, the conversion efficiency was much higher at

about 65% with a similar mean energy in the slope temperature as the low contrast case.

The ponderomotive temperature for both cases is 0.5 MeV, based on the OMEGA-EP

mean intensity within a focal spot containing 80% of the laser energy, r80 = 20 µm.

Results for the low contrast simulations are shown in figure 5.25 with the to-

tal integrated Cu Kα yield from each ZUMA source temperature plotted as a function

of source temperature (x-axis) and conversion efficiency (color scale). Along with the

ZUMA predicted Cu Kα yield is a black dotted line representing the experimentally

observed Cu Kα yield as seen by the ZVH. This yield corresponds to the yield seen

with 500 J of energy in the OMEGA-EP beam at a delay of 3.65 ns. Additionally, two

vertical dotted lines are plotted to give some perspective of plausible source tempera-

tures with the red dotted line being the ponderomotive temperature of the OMEGA-EP
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Figure 5.26: High contrast slope temperature scan using ZUMA. Temperature range
from 0.1 MeV to 10.0 MeV. Results are compared with experimentally observed total
Cu Kα yield from the ZVH (black dotted line).

mean intensity, while the green dotted line is the temperature corresponding to the mean

energy of the fast electrons predicted by the LSP LPI. With these two source tempera-

ture constraints, ranging from 0.5 MeV to 1.5 MeV, we see that the range of reasonable

conversion efficiencies goes from about 15% to 35%.

The results for the high contrast case, specifically from campaign HC-Vac-40 µm,

are shown in figure 5.26. Again the black dotted line corresponds to the experimentally

observed Cu Kα yield with 500 J in the OMEGA-EP beam at a delay of 3.90 ns, which

was seen to be more than 4× higher than in the previous campaign. Even with the

temperature and conversion efficiency being under-constrained, some extremums can still

be inferred. For example, using even the highest conversion efficiency predicted in the low

contrast case (35%), would result in a yield too low for what was seen on experiment,

regardless of the choice of slope temperature. Clearly the conversion efficiency must

have increased (as predicted by the LSP LPI) using the high contrast laser along with

a larger cone tip diameter. Estimating the range of conceivable conversion efficiencies

based on the slope temperature range from 0.5 MeV to 1.5 MeV, we see that the range

of conceivable conversion efficiencies goes from 40% to 65%.
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Figure 5.27: Comparison of slope temperature distribution before and after passing
through the Au cone. Results show a significant decrease in fast electrons with energy
below 100 keV.

For both laser contrast studies, we see a peak in the Cu Kα production effi-

ciency using a slope temperature of roughly 0.3 MeV. What this shows is that, for slope

temperatures lower than 0.3 MeV, fewer fast electrons are making it past the Au cone

because of the exponentially greater number of lower energy electrons contained in slope

temperatures of lower energy. These lower energy electrons have a stopping range that

is shorter than the 10 µm thick Au cone wall. To be more clear, the Cu Kα cross-section

which can be seen in figure 3.9 in chapter 3, shows a peak at about 24 keV meaning

that, without the Au cone, the Cu Kα production efficiency would simply increase with

decreasing slope temperature until the mean energy in the distribution was below the

Cu Kα threshold. This peak, using a 0.3 MeV slope temperature then corresponds to

an optimum balance between electrons with high enough energy to escape the Au cone

versus electrons that are too energetic to efficiently produce Cu Kα. This effect can be

seen in figure 5.27 which shows the initial, injected source distribution (solid lines) for

0.1, 0.3 and 1.0 MeV slope distributions along with the corresponding slope distribution

after it has passed through the Au cone (dotted lines). Here we see that for a 0.3 MeV

source there are more electrons in the energy range necessary for producing Cu Kα than

for the other two distributions. More specifically, < 1% of electrons with energy lower
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Figure 5.28: Cu Kα production efficiency. Comparison of the Cu Kα production
efficiency of different slope temperature distributions before and after traveling through
the Au cone all normalized to the production efficiency of the 0.1 MeV slope temperature
distribution before traveling through the Au cone. Results show a significant reduction
in the production efficiency of lower energy slope distributions after traveling through
the Au cone.

than 0.1 MeV make it through the cone.

Because of this reduction in lower energy electrons, the temperature scan shows

a relatively weak dependence of Cu Kα yield on slope temperature. This point can

be made more clear when looking at figure 5.28 which shows the Cu Kα production

efficiency of a given slope distribution both before the Au cone and after. Before going

through the cone, there are many more lower energy electrons which can produce Cu

Kα more efficiently. For example, when comparing a 0.3 MeV slope distribution to a

1.0 MeV slope distribution, we see that the 0.3 MeV distribution is 3.8× more efficient.

After traveling through the cone, however, the relative production efficiency between the

0.3 MeV and 1.0 MeV slope temperatures drops to a factor of 1.5. The escaped electron

distribution’s production efficiency can also be seen in figure 5.28. The ZUMA source

temperature simulations confirm this finding where we see a relative increase in total

Cu Kα photons of only 46% when using a 0.3 MeV source versus a 1 MeV source. This

result is very fortunate for FI as a whole because the choice of slope temperature, used

on an experiment is not necessarily “tunable” when assuming a particular intensity and
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energy is required.

5.3.7 Energy Deposition Estimation

The final parameter to characterize in a FI study is the amount of heating-

beam energy that ultimately gets deposited into the assembled core in the form of heat.

This is the bottom-line value of importance in FI, where a FI power-plant’s efficiency is

directly related to the efficiency of the heating beam coupling its energy to the assem-

bled core. Typically, this characterization is done by measuring neutron yield from an

implosion-only shot and comparing it to the neutron yield from a joint shot where both

the implosion beams and the heating beam are used. The idea being that the heating

beam produces fast electrons which then transport to the assembled core and deposit

some fraction of their energy in the core in the form of thermal energy. With the core

now at a higher temperature, the rate that neutrons are produced increases according

to figure 1.3 from chapter 1, therefore producing more neutrons than with the driver

beams alone. This method of estimating heating-beam energy deposition is commonly

used [38, 35, 92, 5]. One issue with this method is the large uncertainty associated with

the results. The reason for this is that assumptions must be made about the density and

temperature (prior to the arrival of the fast electrons) profiles in order to estimate the

reactivity. Because of this, the errors in this method of estimation can lead to wildly

different estimations on the core heating, as has been seen in previous work comparing

the results from Kodama et al. [38] with a similar study from Arikawa et al. [92] where

the inferred energy coupling is more than an order of magnitude different. That being

said, with the model validation of DRACO from Theobald et al. [5], this uncertainty

has been greatly improved. But, with the added Cu-dopant in the targets used in this

dissertation, it was conceived by the author that a new approach towards calculating the

heating-beam energy deposition could be done.

This new method of calculating energy deposition relates the Cu Kα photons

produced to the amount of energy deposited. The end result is an energy deposition

factor in units of Joules per Kα photon per steradian, which can be multiplied by an

experimentally measured total Cu Kα yield in photons per steradian using, for example,

the ZVH to determine the amount of heating-beam energy that gets deposited. This ap-

proach relies on the stopping power equation from Solodov et al. [29] defining the energy

loss per unit path length and the Cu Kα production probability from Hombourger et al.
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[66] describing the probability that a Kα photon will be produced per unit path length.

Both of these equations were described earlier in this section and are shown again below.

These equations are the two primary equations used in the ZUMA simulations (with

fields turned off). Both are written in terms of areal density meaning the ratio of the

two is independent of areal density making it ideal for the purposes of estimating energy

deposition here, where the areal density seen by a given fast electron is continuously

changing as it transports through the assembled core.
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Equations 5.4 and 5.5 are plotted as a function of incident electron energy in

figure 5.29a-b. Here we see an exponential decrease in the stopping power of a carbon

plasma as the incident electron energy increases. For the Cu Kα probability, we see a

sharp rise once the incident electron’s kinetic energy reaches the threshold energy for

producing a Cu Kα photon. It then reaches a peak at about 24 keV and then begins to

drop back down exponentially until relativistic effects cause the cross section to increase

slightly once more. The Cu Kα probability shown here is assumed to be for Cu atoms

within a carbon plasma at 0.9% atomic density to match the experimental conditions.

With both functions having an exponential decay at energies above 24 keV, the ratio of

the two should be relatively constant. This ratio can be seen in figure 5.29c. Here we

see that, with the exception of the range of incident electron energies below 100 keV, the

ratio is relatively flat, meaning that for higher energy electrons (greater than 100 keV),

the amount of kinetic energy lost by the incident electron to the carbon plasma per Cu

Kα photon it produces is somewhat independent of the electron’s initial energy. This

ratio flattens out just below 5× 10−10 J/ph/sr.

With a typical Boltzmann distribution of fast electrons, this energy deposition

function is not useful because there will always be an exponentially greater number of

lower energy electrons relative to higher energy electrons, meaning a weighted average
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Figure 5.29: Comparison of stopping power with Cu Kα probability. (a) stopping
power with (b) Cu Kα probability. The ratio of the two (c) flattening out and therefore
being relatively independent of incident electron kinetic energy above 100 keV.

of the energy deposition function with the electron source distribution will yield an en-

ergy deposition factor that is higher than the value of the energy deposition function

when it has flattened out. Additionally, it will also change depending on the particular

slope temperature because the distribution of lower energy electrons to higher energy

electrons will change. But, if we recall from the previous section (specifically figure 5.27)

that with a 10 µm thick Au cone, the majority of electrons with energy below 100 keV

get stopped before reaching the assembled core. This means that within a wide range

of slope temperatures, this energy deposition factor could be a nearly constant value

to estimate core energy coupling from the measurable ZVH yield. To quantify this, a

weighted average of the escaped electron spectra and the energy deposition function is

taken. The results for this for all source temperatures used in the source temperature

scan can be seen in figure 5.30. Here we see that even in the most extreme slope tem-

peratures (0.1 MeV and 10.0 MeV) the difference when compared to a more reasonable

slope temperature of 1.0 MeV is only about 40%. An error of 40% is about the same

as the error when calculating the energy deposition using neutron yield enhancements,

but here there is no need to make any estimations on the core density and temperature

profiles. If we constrain the source temperature range to a range starting just below

the ponderomotive temperature (0.3 MeV) and up to the LSP-predicted mean temper-

ature (1.5 MeV) we get a variation in the energy deposition factor of 10%. This can

be seen in figure 5.30 with the vertical red bar indicating the range of reasonable elec-

tron slope temperatures and the horizontal red bar indicating the corresponding range
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Figure 5.30: Slope temperature dependence on the ratio of stopping power to Cu Kα

probability. Results showing a weak dependence on slope temperature overall and less
than 10% variation within a range of slope temperatures typical of the OMEGA-EP
beam at best focus.

of energy deposition factors. Averaging the energy deposition factors over this more

reasonable range results in a quasi-source-temperature independent energy deposition

factor of 4.98× 10−10 ± 10% J/ph/sr.

Using this energy deposition factor with the experimentally measured Cu Kα

yield from campaign LC-0.8 atm-10 µm (1.5×1010 ph/sr) shows that 7.5 J were deposited

into the compressed core, corresponding to 1.6% of the laser energy (precise OMEGA-

EP energy was 480 J) being deposited into the compressed core. Comparing this with

the parallel transport study done using LSP, with an identical problem geometry shows

laser-to-core energy coupling of 1.2%. These results are in good agreement despite the

disparate methods used in calculating the energy deposition. Knowing that the Kα

yield observed on experiment should scale linearly with the total energy deposited into

the assembled core, we can see that the HC-Vac-40 µm campaign saw a tremendous

improvement in energy deposition because it saw an increase by more than 4× in the

total Kα yield (6.5 × 1010 ph/sr). Applying the energy deposition factor to this Kα

yield we see that 32.5 J of the OMEGA-EP energy was deposited into assembled core,
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corresponding to 6.5% of the laser’s energy. This is a dramatic improvement that is

the result of this experimental platform’s ability to diagnose previously unknown source

characteristics in integrated fast ignition experiments. The three major changes that

are responsible for this enhancement are the improvements to the OMEGA-EP laser

contrast, increased cone tip diameter, and evacuated shells.

5.3.8 Scaling to Large Facilities

With improvements to the target and laser configuration, heating beam energy

deposition into the assembled core was seen to increase by more than a factor of 4. As was

stated previously, there were three primary modifications, that resulted in this improve-

ment. The first two were the OMEGA-EP laser contrast improvement and the increased

cone-tip diameter. These two improvements together improved the conversion efficiency

from the OMEGA-EP laser energy to fast electrons. As was seen in campaign HC-

0.8 atm-10 µm, with an improved contrast and a small cone tip diameter, improvements

to the conversion efficiency did not significantly improve the total Kα yield because the

cone was still too small allowing for the OMEGA-EP main pulse rising edge to act like a

pedestal pulse, producing a pre-formed plasma which led to the spatial profile of the fast

electron-induced Cu Kα to be similar to the low contrast campaign. By increasing the

cone-tip diameter, the OMEGA-EP main pulse could now interact with a clean inner

cone surface which resulted in a significant improvement to the conversion efficiency.

The other improvement was the use of an evacuated shell. By removing the air

from the shell, the compressed air inside the shell would no longer be responsible for

breaking through the cone which meant the cone-tip breakout time would be delayed.

With a delay in the cone-tip breakout time, higher densities could be achieved while

still maintaining a clean inner cone interface for the OMEGA-EP beam. To quantify

the improvements associated with higher areal densities, an areal density versus fast

electron slope temperature parameter space study was done using ZUMA. In this study,

the problem geometry was simplified to a 10 µm thick cylinder of Au followed by a 10 µm

thick Cu-doped carbon plasma (identical dopant to the previous ZUMA simulations). In

this study, the 10 µm thick Cu-doped carbon density was varied so that different areal

densities could be achieved. Then slope temperatures ranging from 0.1 MeV to 10.0 MeV

were injected onto the gold cylinder. By doing this, a more accurate understanding of

the fast electron energy deposition efficiency could be made without the geometrical
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Figure 5.31: Slope temperature matching with core areal density. Results showing the
need to better match the areal density with the slope temperature to more efficiently
couple fast electron energy to the compressed core.

complexities from the DRACO-simulated assembled core. The results of this simulation

are shown in figure 5.31, showing a contour plot of the efficiency that a given slope

temperature distribution of electrons will deposit its energy into a Cu-doped plasma of

varying areal densities. As a guide, horizontal bars representing the mean areal densities

(angularly averaged from the source injection position) from campaign LC-0.8 atm-10 µm

and campaignHC-Vac-40 µm are shown. Here we see that with a factor of 3 improvement

in the areal density, a factor of just above 2 in the fast electron energy deposition will

be achieved.

The result of this simulation is a very promising outlook on Fast Ignition. There is

a clear trend of increasing fast electron energy coupling with increasing areal density. In

fact, with areal densities predicted currently on the National Ignition Facility of 1 g/cm2,

fast electron coupling efficiencies could be as high as 50%. Assuming the conversion

efficiency from heating beam energy to fast electrons remains at around 50%, this would

mean as much as 25% of the heating beam laser energy could be deposited into an
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assembled core with sufficiently high areal densities. With the NIF-ARC modifications

near completion, the proof of principle of a Fast Ignition point design with very high

coupling efficiency could be shown in the near future, and with existing technologies.
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Chapter 6

Summary

In summary, a novel approach towards characterizing some of the critical param-

eters in the fast-ignitor approach to inertial confinement fusion are reported. Here, the

key work of the author will be summarized as it pertains to the successful execution of

the experimental and simulated work reported in the dissertation.

In chapter 3 the experimental setup and diagnostics were summarized. This

included the introduction of new diagnostics that had never been used on the OMEGA

laser facility, in addition to critical modifications to already existing diagnostics. In

these experiments, the Spherical Crystal Imager was fielded for the first time on the

OMEGA facility. After the first experimental campaign, significant modifications were

made to the diagnostic, which included the addition of an improved beam block design

and an electron deflector which could deflect electrons with energies as high as 250 MeV

away from the image plate detector. With the addition of these improvements, the

signal quality was improved by a factor of 4 in the noise RMS and by a factor of 10 in

the flat-field background. Additionally, the target was redesigned to better protect the

copper-doped region of the shell to prevent direct laser interaction from the OMEGA

beams with the copper-doped region. With these improvements, the Zinc von Hamos

spectrometer successfully measured copper Kα photons without saturation due to ionic

line emission from OMEGA-induced multi-photon ionization. Additionally, the ZVH

was absolutely calibrated on a secondary experiment. The author was not a primary

investigator on this secondary experiment, but the analysis of the data resulting in the

absolute calibration of the ZVH was the work of the author. This proved to be a critical

tool in this dissertation work because it made possible the comparison of experimental

193
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copper Kα yield data with simulated copper Kα yield data in absolute numbers.

In chapter 4 the experimental results were presented. There were two primary

diagnostics used in these experiments. The Spherical Crystal Imager, which produced

two-dimensional images of copper Kα photons being produced within the assembled core

from the fast electrons which were produced by the OMEGA-EP beam being injected

onto the inner cone tip of the geometrically reentrant gold cone. This visualization

of the spatial distribution of fast electrons has never been seen before and provided

critical information needed to improve the point-design of a Fast Ignition target. First,

copper Kα was seen to be produced as far back as 100 µm from the inner cone tip. This

result was unexpected, as it was believed that the fast electrons would be generated at

the inner cone tip and be directed predominantly forward due to the J×B acceleration

mechanism. Instead, a very strong signal along the cone wall with a peak in signal

50 µm back from the cone tip was seen with a relatively weak signal in the forward going

direction. The experimental results from the ZVH showed 1.5×1010 ph/sr being produced

in these copper-doped targets with 500 J of energy in the OMEGA-EP beam and low

laser contrast. When increasing the OMEGA-EP beam energy, the total copper Kα yield

was seen to increase linearly with OMEGA-EP resulting in more than 4×1010 ph/sr being

produced with 1400 J of energy in OMEGA-EP.

With improved OMEGA-EP laser contrast, increased cone tip diameter, and

evacuated shells prior to the arrival of the OMEGA beams, the ZVH saw a copper Kα

yield of 6.5 × 1010 ph/sr with nominally similar OMEGA-EP beam energy (500 J) to

the low contrast case. When using kilojoule energies in OMEGA-EP, the total copper

Kα photon yield measured was above 1011 ph/sr. This improvement corresponds to

an increase in the amount of OMEGA-EP energy that was coupled to the assembled

core. Additionally, the SCI saw improvements to the spatial distribution of copper Kα

photons using this improved experimental configuration. The distribution of Kα photons

was shown to be shifted by roughly 20 µm along the cone axis towards the cone tip. This

shift in the mean position of the copper Kα photons demonstrated an improvement in

the amount of overlap between the fast electron beam and the high density regions of

the imploded shell material.

To validate the experimental findings, the hybrid transport code ZUMA was used.

ZUMA inherently cannot take multiple materials per cell which meant modifications

to the source code was required in order for it to adequately simulate a copper-doped
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carbon plasma. To do this, a simple modification was employed. Rather than completely

restructuring the code to re-zone mixed material cells into subcells containing individual

materials, as has been done with other codes such as HYDRA [83], the ZUMA drag

and scatter routine was modified such the the probability of producing both a carbon

Kα photon and a copper Kα photon were calculated for a given incident fast electron’s

kinetic energy. Then a random number generator was called, producing pseudo-random

numbers between zero and one. If this random number was below the fractional dopant

level copper used in these experiments (0.009), then the copper Kα probability was used

rather than the carbon Kα probability. This method produced very consistent results

when compared with the parallel transport study done using using LSP which could take

on mixed materials.

With this modified form of the ZUMA transport code, a retrograde analysis of

the key fast electron source parameters was made. These parameters included the source

divergence, position and temperature. Fields were not used in this study. This choice was

validated through the results of the parallel transport study done using LSP with and

without fields, showing similarities to within 7% in the copper Kα yield. In this analysis,

simulations were carried out for each source parameter which were then compared with

the experimentally measured copper Kα yield and copper Kα spatial distribution from

the ZVH and SCI respectively. To quantitatively compare these results, a pixel-by-

pixel analysis was done comparing the simulated copper Kα spatial distribution with

the experimental distribution with the results presented in a reduced χ2 format. These

results consistently showed highly divergent sources with half angle divergences greater

than 90 °. The source position scan for the experimental campaigns using a small 10 µm

cone tip showed source generation positions that were between 50 and 100 µm back from

the cone tip. The simulations also showed that shifting of the copper Kα line due to

heating was not the primary cause for the reduced signal in the forward going direction.

Rather, the large offset of the source generation position from the inner cone tip was the

primary reason for the apparent lack of signal in the forward going direction. With the

improved target and laser contrast, the source divergence remained largely unchanged

but the source generation position was shown to be shifted all the way to the cone tip

due to the lack of pre-formed plasma within the cone. The source temperature scan was

directly compared with the absolute copper Kα yield measured from the ZVH. Without

information on the conversion efficiency of the OMEGA-EP beam energy to fast electron
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energy, this study was inherently under-constrained. With a particular combination of

both conversion efficiency and temperature being capable of reproducing any copper Kα

yield within the range considered. Because of this, LPI simulations of the OMEGA-

EP main pulse interacting with the inner cone tip were used to constrain the range of

possible source temperatures and conversion efficiencies. Results from this scan show

conversion efficiencies of 25± 10% with slope temperatures in the range 0.5 to 1.1 MeV

for the low OMEGA-EP laser contrast experimental campaign. For the high contrast

campaign with improved target design, the conversion efficiency was seen to improve

significantly both in the model validated experimental data and the LPI simulations of

the OMEGA-EP main pulse. The conversion efficiency was shown to be higher than the

highest possible conversion efficiency from the low contrast case regardless of the choice

of slope temperature. Conversion efficiencies are estimated to be in the range of 45 to

65% with slope temperatures similar to the low contrast case. LPI simulations reported

slightly higher slope temperatures in the high contrast case but this could not be directly

confirmed in the transport simulations of this work.

The energy deposition factor presented in chapter 5, which relates the observed

copper Kα yield to the amount of fast electron energy deposited to the assembled core

was shown to infer heating beam energy coupling that is consistent with previous work

[35, 92] and with parallel studies of the work presented here. This energy deposition

factor relates the stopping power equation from Solodov et al. [29] to the probability

of producing a copper Kα photon from Hombourger et al. [66]. The ratio of these two

functions was shown to asymptotically rise as the electron kinetic energy drops below

the threshold for impact ionization of copper but flattens out at higher electron kinetic

energies above 100 keV. The utility of this energy deposition function is predicated on

the fact that the distribution of fast electrons is no longer a Boltzmann distribution

because the majority of lower energy fast electrons get stopped in the 10 µm thick gold

cone. Because of this, it yields relatively constant energy deposition factors over a

wide range of fast electron slope temperatures. For example, taking a vector product

of this energy deposition function with a slope temperature 700 keV yields an energy

deposition factor of 5 × 10−10 J/ph/sr. For a slope temperature of 300 keV, this value

becomes 5.5 × 10−10 J/ph/sr. And for a 1.2 MeV slope temperature, the value is 4.5 ×
10−10 J/ph/sr. Compared with energy deposition estimations inferred through neutron

yield enhancements, where 30% error bars are typically reported, this energy deposition
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factor is more accurate. Using this energy deposition factor, assuming a mean slope

temperature predicted from LPI simulations, the energy deposited into the core was

1.6± 0.4% where the error here comes not only from the error in estimating the energy

deposition factor but also in the absolute calibration of the ZVH added in quadrature.

With improvements to the target and laser configuration, the energy deposition was

inferred to be 6.5 ± 1.6% which is more than a factor of 4 improvement in the heating

beam energy coupling.

In chapter 5 an additional study was done to understand the relationship be-

tween the fast electron source temperature and the assembled core areal density. The

fast electron slope temperature essentially defines the average kinetic energy of the in-

jected fast electrons which can also be defined as an average range of the fast electrons

in a given material. Along those lines, the areal density is directly proportional to the

stopping power of the medium. Consequently, these two quantities are dimensionally

similar and inherently related, meaning there is an ideal fast electron range (slope tem-

perature) for a given areal density. It was this reasoning that motivated the additional

study relating these two quantities. The results of this study showed that fast electron

temperatures typical on OMEGA-EP were too energetic for the areal densities that were

being produced in the assembled core on the first two experimental campaigns. With

modifications to the target design, including evacuating the air trapped inside the shell,

the areal density was seen to increase by a factor of 3. This factor of three improve-

ment resulted in an inherent improvement to the efficiency with which the fast electrons

could deposit their energy into the assembled core by more than a factor of two. This

study was also carried out simulating areal densities beyond the current capabilities of

the OMEGA facility. The purpose of these particular simulations was to examine the

possible improvements to the fast electron energy deposition that would be possible on

large-scale facilities such as the National Ignition Facility. Previous work from Park et

al. [93] has shown areal densities as high as 1 g/cm2 achievable on the NIF. Comparing

this with the work presented here shows that fast electron energy deposition efficiencies

could be as high as 50% with a slope temperature of 1 MeV. With estimated conversion

efficiencies of the OMEGA-EP beam energy to fast electron energy presented here in the

range of 45 to 65%, this would correspond to overall heating beam energy depositions

on the order of 25% which would be a tremendous achievement for Fast Ignition.

The work presented here has demonstrated a new platform for understanding
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and characterizing some of the key parameters in Fast Ignition. With this new platform,

a better understanding of the spatial energy deposition of fast electrons in an integrated

fast ignition target was gained. Consequently, target design and laser configuration were

optimized which resulted in a factor of 4 increase in the heating beam energy deposition

into the assembled core. This increase was accomplished by recognizing the need to move

the source generation position closer to the inner cone tip, increase the laser-to-electron

conversion efficiency, and increase the areal density of the assembled core. Further

improvements can be made to a Fast Ignition point design utilizing this copper-doped

platform by optimizing the divergence of the fast electrons. With this platform, the

angular divergence is readily known, making the quantification of these improvements

straightforward with each successive target design iteration. Additionally, this copper-

doped platform could be applied to larger facilities such as the NIF or LMJ, with the

NIF-ARC coming online in the near future. Like so, the simulation work presented here

has shown a very realizable path towards achieving highly efficient heating beam energy

coupling at these large-scale facilities that could bring the scientific community one step

closer towards achieving our goal of renewable energy through controlled thermonuclear

fusion in a power plant setting.
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