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Shock ignition is an alternative inertial confinement fusion scheme, which uses a

strong convergent shock generated by a ∼1016 W/cm2 spike laser pulse to ignite a pre-

compressed fusion capsule. Understanding nonlinear laser–plasma instabilities (LPIs)

and the physics of hot electron generation is critical for SI. LPIs can not only deplete the

laser pump through scattering with the resonant electron plasma or ion-acoustic waves

(IAW), but also generate hot electrons to assist the shock generation. We have conducted

a series of experiments on the OMEGA EP and OMEGA-60 laser facilities demonstrating

that stimulated Brillouin scattering (SBS) can deplete ∼100% of the beam energy dur-
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ing the first ∼0.5 ns of the 1016 W/cm2 ultraviolet (UV) laser in an SI-relevant plasma

(Ln ∼ 260− 330 µm). The pump-depletion started from the ∼0.02 critical density (nc)

region and progressed to the 0.1–0.2nc region, which was evidenced from the shape of

the laser-generated blast wave and the time-resolved stimulated Raman backscattering

spectra. This dynamic pump-depletion is consistent with an IAW-breaking SBS satura-

tion model. Strong SBS was also observed in our large-scale Particle-in-Cell (PIC) mod-

eling. The observed dynamic pump-depletion resolved a long-standing inconsistency of

SBS reflectivity between PIC simulations and previous experiments. Although this pump-

depletion would inhibit the collisional laser absorption, it may benefit the electron shock

ignition scheme, which uses hot electrons with temperatures <100 keV to generate the

ignition shock. Inferred from the bremsstrahlung x-ray spectra, the LPIs converted 2–6%

of the laser energy into hot electrons with moderate temperatures (Thot ∼ 45−90 keV). In

addition, Cu K-shell fluorescence images show these hot electrons are collimated. Analyti-

cal models suggest that these hot electrons are suitable to generate the required 300 Mbar

ignition shock in a megajoule laser facility.
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Chapter 1

Introduction

1.1 Energy evolution

All human activities are transformations of energy [1]. Since 9500 BC, humans

have been transforming solar energy into chemical energy through cultivation [2]. Then,

the industrial revolution provided ways to use fossil fuels, which powered the exponential

growth of the economy over the 200 years. Besides the economy, the energy of fossil fuels

has also been used to support the growing human population through the production

of nitrogen fertilizers. However, the overuse of fossil fuels has negatively affected the

environment; in particular, it has led to air and ocean pollution, and global warming. With

the rapid growth in energy demand, these effects have worsened. Human development

will be limited if fossil fuels are not replaced by sources of clean and renewable energy.

Global warming is the inevitable result of the CO2 emission from burning fossil fu-

els. The atmospheric CO2 level passed the historical maximum in 1950 and has continued

to grow [3, 4, 5]. Meanwhile, the average temperature has increased by 0.9 ◦C since the

late 19th century. The resulting climate change is affecting agriculture by diminishing

crop growth and animal husbandry [6]. To prevent further global warming, we need a
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carbon-free energy source to replace fossil fuels.

One carbon-free energy is nuclear fusion energy. The most promising fusion power

plant is designed to fuse hydrogen isotopes—deuterium and tritium—to generate energy.

Similar to other clean energies, such as wind, solar, tidal, and geothermal energy, fusion

energy is sustainable because deuterium is abundant in the ocean, and tritium can be con-

verted from lithium. In contrast to those clean energies, fusion power plants will operate

on demand and be independent on geographic conditions. The 2019 Texas heatwave drove

the electricity demand high but reduced wind power production, raising the electricity

price by a factor of 360 [7]. Moreover, California’s photovoltaic panels cannot produce en-

ergy during the cloudy months, which requires the conventional thermal plant to remain

on standby. The geographic requirement of the tidal and geothermal energy limits their

usage, although they are more stable than the wind and solar power plants. However,

net fusion energy production requires a stable, high-temperature, and high-density fuel

condition, which has not yet been realized on Earth except for in thermonuclear bombs.

The problem of how to harness nuclear fusion has been openly studied since it declassified

in 1958 [8].

1.2 Nuclear fusion

Nuclear fusion is a nuclear reaction in which light atomic nuclei collide to form

one or more different nuclei. A fusion reaction releases the difference in binding energy

between the nuclei before and after the reaction. The binding energy per nucleon (proton

or neutron) varies with the nucleus’s atomic number, and is highest for 56Fe, as shown

in Fig. 1.1. The atomic-number dependence suggests that the fusion of nuclei lighter

than Fe can produce energy; the fission of the nucleus heavier than Fe can also produce

energy. The release of the fusion energy ∆E results in a mass change ∆m of the fuel,
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Figure 1.1: Binding energy per nucleon versus atomic number. Original data are avail-
able in Ref. [9].

which supports Einstein’s famous mass-energy equivalence: E = mc2.

Fusion is the energy source for stars. Stars like the Sun are made of dense and

hot hydrogen. The protons can fuse to produce alpha particles and release 26.73 MeV of

energy through proton–proton chain reactions as [10]

4p→ 4He2++2e++2νe. (1.1)

However, this chain reaction is a slow process, because its first step,

p+p→D+e++νe, (1.2)

is rare. A proton’s average lifetime in the Sun is about 109 years. Owing to this long

timescale, although a proton–proton chain reaction is neutron-free, it can provide energy
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Figure 1.2: Reaction rate versus ion temperature for common fusion reactions, assum-
ing a Maxwell velocity distribution [11].

only for stars.

Deuterium–tritium (DT) fusion attracts the most attention because of its high re-

action rate and ample fuel supply. The reaction rate is the higher than that of all other

fusion reactions in the temperature range below 400 keV [11], as shown in Fig. 1.2. The

deuterium in a glass of ocean water can produce the same energy as a gallon of oil. A DT-

fusion reaction produces a 3.5 MeV alpha particle and a 14.1 MeV neutron. Although the

generated neutrons may irradiate the reactor and produce radioactive waste, they could

also breed tritium and reduce the fuel price. With ample fuel supply, DT-fusion energy

could support humanity for much longer than all fossil fuels.

For a pulsed DT-fusion reactor where the radiations and the particles can escape,

Lawson found that this system needs to keep a DT plasma at a high temperature (T) and
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a high ion density (n) for a relatively long duration (τ) to generate more energy than is

lost [12]. This criterion can be expressed as

τPR

τPB +3(nD +nT)T
> 2, (1.3)

in which the reaction energy power per unit volume PR is

PR = nDnTvσ(T)E, (1.4)

where E = 3.5 MeV is the released alpha particle energy in DT-fusion, the bremsstrahlung

radiated power PB is [13]

PB = 1.69×10−32n2
i T1/2 W/cm3, (1.5)

where T is in eV, 3(nD +nT)T is the internal energy of the DT plasma, assuming Te = Ti,

vσ(T) is the Maxwell-averaged reaction rate, as shown in Fig. 1.2. Because both PB and

PR are proportional to n2, the criterion reduces to nτ> 1.5×1014 s/cm3 when T = 26 keV

or nTτ> 3×1015 keV·s/cm3 when T = 14 keV.

To meet the Lawson criterion, several fusion schemes have been proposed. The

three primary schemes are i) inertial confinement fusion (ICF), in which an imploded

fuel capsule is confined by its inertia, ii) magnetic confinement fusion (MCF), in which

magnetic fields confine a hot DT plasma, and iii) magneto-inertial fusion (MIF), in which

a pulsed Lorentz force implodes a fuel cylinder and confines the cylinder by its inertia.

This dissertation concerns an alternative ICF scheme: shock ignition [14].
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1.3 Inertial confinement fusion and its challenges

Inertial confinement fusion (ICF) uses high-power lasers to implode a fusion fuel

capsule to achieve the required high density and high temperature. These lasers heat and

ablate the surface of a millimeter-sized DT capsule. This capsule consists of a DT ice shell

that is filled with DT vapor and covered with a CH ablator, as shown in Fig. 1.3. By the

rocket effect, the remaining shell is pushed inward. During this implosion, the DT vapor

in the center of the capsule is heated to ∼10 keV, starts the fusion reaction and produces

3.5 MeV alpha particles. These energetic particles heat the compressed DT fuel around

the hot spot and create a burn wave that propagates outward. This burn wave can heat

and burn the dense fuel around the hot spot to produce more fusion energy.

Figure 1.3: Four stages of direct drive inertial confinement fusion and the typical implo-
sion target [15].
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Reference [16] describes a simplified model to estimate the confinement time for

ICF. The model calculates the disassembly time for a sphere of a dense DT plasma that is

homogeneous. In this sphere, a rarefaction wave will move inward with the sound velocity

cs =
√

γT/mion. (1.6)

Therefore, for the material at radius r′ from the center of the sphere, the local confinement

time is

τc(r′)= R− r′

cs
. (1.7)

The mass-averaged confinement time for this sphere is

τc =
∫ R

0

4πr′2ρ
4
3πρR3

R− r′

cs
dr′ = R

4cs
. (1.8)

During the disassembly, only a fraction of the fuel will be burned. The burn fraction is

commonly approximated as

Φ= ρR
7+ρR

, (1.9)

where ρR is in g/cm2. A burn fraction of 1/3 would need ρR ≳ 3 g/cm2. Such a high ρR

requires ρ = 80 g/cm3 for a 1 mg spherical target, which implies a 300-fold compression of

the cryogenic DT fuel.

However, uniformly heating the fuel to the fusion temperature requires large

amount of energy, as discussed in Sec. 1.2. To minimize the energy needed to start the

fusion, researchers have designed a scheme, known as central hot-spot ignition, which

implodes a fuel capsule, as shown in Fig. 1.3. The implosion heat and fuse only the DT

vapor while keeping the surrounding fuel cold and dense. This surrounding fuel acts both

as a tamper to confine the hot spot and as a fuel reservoir. The burn wave from the hot

spot will propagate outward and ignite the cold fuel.
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Central hot-spot ignition has its challenges. Two major ones are the laser–plasma

instability (LPI) and the Rayleigh–Taylor instability (RTI). LPIs are the instabilities of

the laser light propagating in a plasma. The electromagnetic wave can stimulate plasma

waves or ion-acoustic waves and secondary electromagnetic waves. The generation of sec-

ondary electromagnetic waves depletes the laser energy; the produced plasma waves can

induce superthermal electrons preheating the fuel. The preheating may inhibit the fuel

compression. RTI happens when a light fluid pushes against a denser material. Pertur-

bations along the fluid interface grow and cause mixing. During the implosion, RTI can

occur in two phases: i) during the ablation, and ii) in the stagnation. When the lasers

irradiate the capsule surface, the heated low-density plasma accelerates into the dense

shell. Similarly, when the hot spot decelerates the dense fuel, RTI could break the shell,

causing leakage of the hot spot.

Both instabilities need to be mitigated in central hot-spot ignition. With limited

laser energy, this design requires a high-speed implosion. The minimum energy required

for ignition depends on the in-flight adiabat of the fuel (αif), the implosion velocity (vimp),

and the pressure out of the shell at the time of the peak implosion velocity P [17]:

Eign(kJ)= 50.8α1.88±0.05
if

( vimp

3×107 cm/s

)−5.89±0.12
×

(
P

100 Mbar

)−0.77±0.03
. (1.10)

The high implosion velocity would thin the shell during the implosion and induce the

growth of RTI [11]. This velocity also requires a high laser intensity on the order of

1015 W/cm2, which can stimulate LPIs [18].

To mitigate RTI, instead of using lasers to irradiate the fuel capsule directly, re-

searchers proposed to use a gold hohlraum to convert the lasers to x-rays since the ab-

lation driven by electron conduction is generally less stable than the ablation driven by

x-rays. [19] This scheme is known as indirect-drive ICF; the scheme that uses lasers to
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irradiate the capsule is known as direct-drive ICF. However, even with the hohlraum, the

15–100 nm thin tent holding the target still seeds the hydrodynamic perturbation causing

fuel mixing and the leakage of the hot spot. [20]

Since 1999, to bypass the impact of RTI and LPIs, researchers have proposed sev-

eral alternative schemes, such as fast ignition [21] and shock ignition [14, 22]. Both

schemes separate the compression and ignition phases. Because the ignition is no longer

the consequence of the compression, the compression can be achieved using a lower-speed,

stable implosion. Then, in fast ignition, a fast-electron beam generated by a PW laser

is injected into the compressed capsule to ignite it. In shock ignition, a direct-drive

scheme, a converging shock launched by a sub-nanosecond laser pulse with an intensity

of 1016 W/cm2 forms a non-isobaric hot spot to ignite a pre-compressed capsule. Shock

ignition is the topic of this dissertation.

1.4 Shock ignition

Shock ignition (SI) is an alternative inertial confinement fusion (ICF) scheme [14,

22]. In the SI scheme, the separation of the compression and ignition phases may provide

a more stable implosion and a higher energy gain than the conventional central hot-spot

ICF [23]. The implosion stability is improved through lowering the implosion velocity

which can inhibit the Rayleigh–Taylor instability. A high energy gain is predicted in

simulations because the formation of the non-isobaric hot spot may improve the energy

conversion from the drive laser to the hot spot by limiting the pressure of the surrounding

compressed fuel [14]. The required laser energy is lowered by a factor (phs/piso)2.5 [22],

in which phs is the pressure of the non-isobaric hot spot, and piso is the isobaric pressure.

Owing to these advantages, SI has been proposed for megajoule (MJ) and sub-MJ laser

facilities such as National Ignition Facility (NIF) [24, 25], Laser Megajoule (LMJ) [26] and
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Figure 1.4: The sequences of shock ignition. (a) the shell implodes with a velocity lower
than that of the conventional central hot-spot ICF. (b) the implosion shock convergence,
compressing the capsule. (c) A spike pulse generates a second shock while the implosion
shock bounces from the center. (d) the shock collision amplifies the ignition implosion
shock [29].

High Power Laser Energy Research facility (HiPER) [27, 28].

The sequences of shock ignition is shown in Fig 1.4. Similar to the central hot-spot

ignition scheme, a nanoseconds laser pulse irradiates and implodes the capsule. The im-

plosion shock bounces at the center of the capsule and forms a return shock the propagates
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outward. After the implosion, a high-intensity (∼1016 W/cm2) sub-nanosecond spike laser

launches a high pressure shock to collide with the return shock and form an amplified

inward shock. When this inward shock converges at the center, it increases the pressure

and temperature of the hot spot to ignite the capsule while keeping the surrounding fuel

at a lower pressure than the hot spot. This hot spot is known as a non-isobaric hot spot. To

generate the amplified inward shock, the shock produced by the spike laser needs to have

a comparable pressure to the return shock before the shock collision, which requires an

initial pressure of ∼300 Mbar at the ablation front, where the flow velocity is 0 [30]. This

pressure, known as the ablation pressure pa, scales with the laser intensity IL based on

the model of inverse-bremsstrahlung absorption, as discussed in Sec. 2.2 and Sec. 2.5.1:

pa = 40(IL/λ)2/3 Mbar, (1.11)

where IL is in units of 1015 W/cm2, and λ is the laser wavelength in µm [31]. This scaling

law suggests that 7×1015 W/cm2 lasers could generate the 300 Mbar ablation pressure

shock.

The concept of SI has been validated in the experiments on the 30-kJ 60-beam

OMEGA laser facility in the Laboratory of Laser Energetics [32]. Limited by the laser en-

ergy (∼30 kJ), these experiments scaled down the laser power by one order of magnitude

while keeping the pulse shape similar to the MJ design. The pulse shapes with and with-

out the spike were then compared. The implosions that had the SI pulse shape produced

more neutrons than those that had the conventional pulse shape. Moreover, the pulse

with the spike also improved the area density, yield of clean and hydrodynamic stability

of the implosion capsule.
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1.5 Physics issues of shock ignition

The initial shock ignition experiment validated the scheme’s high-gain and stabil-

ity benefit from the pulse shape design. However, this experiment reduced the spike inten-

sity to ∼7×1014 W/cm2, which is one order of magnitude lower than the intensity required

to generate the ∼300 Mbar shock for full-scale shock ignition [32]. For a ∼1016 W/cm2 laser

in full-scale shock ignition, the laser–plasma instabilities (LPIs) may be much stronger

than those for a ∼1015 W/cm2 laser [33, 34, 35]. Such stronger LPIs would complicate the

energy conversion from the laser to the shock [36]. For example, stimulated Brillouin scat-

tering (SBS) [37] and stimulated Raman scattering (SRS) [38] can deplete the laser pump;

SRS and two-plasmon decay (TPD) [39] can convert the laser energy into superthermal

electrons. Whether a ∼1016 W/cm2 laser can generate the 300 Mbar shock remains uncer-

tain. As a result, the feasibility of full-scale shock ignition still requires an experimental

study.

Experiments have been performed to characterize the shock generated by 1015–

1016 W/cm2 lasers. For example, experiments conducted at the Ligne d’Intégration Laser

(LIL) facility generated a 90 Mbar shock on a planar target and a 120 Mbar shock on a

spherical-front target using ∼1015 W/cm2 10 kJ lasers [40]. In addition, OMEGA lasers

that have intensities of up to 1.4×1015 W/cm2 produced a 75 Mbar shock in the presence of

a large-scale plasma [41]. However, the 1016 W/cm2 3ω laser on Prague Asterix Laser Sys-

tem (PALS) also generated a 90 Mbar shock [42]. Another set of PALS experiments found

that the ablation pressure increased to 180 Mbar when a ∼5×1016 W/cm2 1ω laser directly

interacted with the target [43]. These experiments also showed that the preformed plasma

can decrease the laser energy absorption [44]. The experiments on OMEGA-60 that had a

reduced target size generated a 300 Mbar shock using 6×1015 W/cm2 UV lasers [45, 46].

Analysis of these experiments suggest that 30% of the shock pressure is contributed by

hot electrons generated by LPIs.
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For the conventional central hot-spot ICF scheme, the LPI-induced hot electrons

would preheat the fuel because they can penetrate the ablator and deposit their energy

in the fuel. By contrast, shock ignition may benefit from hot electrons. In this scheme,

the hot electrons can be stopped by the capsule surface because the capsule is partially

compressed before the spike pulse [14, 22]. Simulations predict that hot electrons of tem-

perature Thot < 100 keV could improve full-scale shock ignition by increasing the gain and

expanding the parameter space for robust ignition designs [22, 25]. The LPI-accelerated

hot electrons may also generate the 300 Mbar shock if the intensity of the electron beam

can reach 1015 W/cm2 [47, 48, 49]. Generating the ignition shock solely by hot electrons

is proposed in Ref. [50] and is known as the electron shock ignition. Therefore, it is neces-

sary to characterize the temperature and total energy of these hot electrons to determine

their role in shock ignition.

The LPIs and the hot-electron generation depend on the laser’s intensity and wave-

length, and the plasma’s temperature and length scale [18]. When the laser intensity is

about 1015 W/cm2, the efficiency of the energy conversion from the laser to the hot elec-

trons has been found to increase with the spike-pulse intensity in particle-in-cell (PIC)

simulations [35, 51, 52] and experiments [41, 53, 54, 55] conducted at the OMEGA and

NIF laser facilities. The OMEGA planar experiments [41] and the NIF spherical experi-

ments [53] found that TPD induced by overlapping beams of intensity 0.6×1015 W/cm2–

1.4×1015 W/cm2 generated hot electrons of temperature 20–70 keV, and an energy con-

version efficiency of up to 1.8%. The ∼1015 W/cm2 NIF planar experiment with larger

plasma length scale (500–700 µm) showed that SRS contributes the majority of the hot

electron generation with Thot ∼ 50 keV and up to ∼3% energy conversion efficiency [54,

55]. When the laser intensity was increased to 2−6×1015 W/cm2 in OMEGA experiments,

60− 80 keV hot electrons were detected, and the energy conversion efficiency was also

increased to 2−9% [45, 46]. When higher intensities ∼1016 W/cm2 non-overlapped lasers
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were used, the conversion efficiency and the hot electron temperature drop to 0.1–5% and

20–50 keV, respectively [56, 57, 58, 59]. However, those experiments were conducted in

smaller plasmas with scale-lengths (Ln) from 10s of µm [57, 58, 59] to ∼170 µm [56]. Be-

cause the plasmas density scale-length and temperature can influence the competition

in LPIs, such as that between SRS and TPD [54, 60], characterization experiments for

∼1016 W/cm2 lasers in large-scale (Ln > 300 µm) and high-temperature (>keV) plasmas

are warranted.

The pump depletion induced by the LPIs can inhibit the laser–shock energy cou-

pling. PIC simulations involving ∼1016 W/cm2 intensities and large plasmas have shown

>50% SBS reflectivity [33, 34, 35], which is not seen in small-scale simulations [60, 61,

62] or in experiments [40, 46, 56, 63, 64, 65, 66, 67]. Some experiments have observed

a burst of SBS at the beginning of the laser spike [40, 46, 63, 64]. However, those ex-

periments were limited by either small plasma length-scales (Ln < 170 µm) or low laser

intensities (∼ 1014–1015 W/cm2). The large-scale plasma created by the magejoule laser

(Ln ∼ 300–500 µm and electron temperature Te > 3 keV) can affect the role of each LPI

mode [54]. It is also challenging to extend the PIC simulations to full time and spatial

scales with the current computational capability. Therefore, experiments are needed to

characterize the LPI-induced pump depletion of 1016 W/cm2 lasers in large-scale plasmas.

1.6 Outline of dissertation

A series of experiments were performed at the OMEGA Extended Performance

(OMEGA EP) [68] and the 60-beam (OMEGA-60) laser facilities at the Laboratory of Laser

Energetics to solve the issues described in Sec. 1.5.

Chapter 2 discusses the physics theories related to shock ignition. It first sum-

marizes the linear theory of laser–plasma instabilities and then describes the role of the
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suprathermal electrons in shock ignition.

Chapter 3 details the experimental setup the simulation tools, including the tar-

get designs, the OMEGA laser facility, the diagnostics, the radiation-hydrodynamic code

FLASH, and the Monte Carlo code GEANT4.

Chapter 4 discusses the strong pump-depletion found in the experiments with a

high-intensity UV laser beam interacting with a preformed large-scale plasma. Analysis

of the observed laser-generated blast wave suggests that this pump-depletion starts at

0.01–0.02 critical density and progresses to 0.1–0.2 critical density. The time-resolved

stimulated Raman backscattering spectra also confirmed the dynamic pump-depletion.

Chapter 5 describes the plasma characterization and the hot electron measure-

ment results. The plasma was preformed by two UV laser beams, then a high-intensity

IR or UV laser was injected to interact. The plasma density profiles were characterized by

comparing the experimental angular filter refractometer (AFR) images to the simulated

AFR images. The hot electron temperature and total energy were inferred by fitting the

synthetic bremsstrahlung x-ray spectra to the measured spectra.

Chapter 6 shows the divergence angle measurement for the hot electrons. Colli-

mated hot electron beams were found in these experiments. This chapter also discusses

the required laser parameters to generate a high-pressure strong shock that can ignite

the capsule.

Chapter 7 summarizes this dissertation.

1.7 Role of the author

The experiments described in Chapter 4, Chapter 5, and Chapter 6 were performed

at OMEGA EP and OMEGA-60 laser facilities during five experiment days over four years

from 2015 to 2018. The first two experiment days in 2015 and 2016 were designed by
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Christine Krauland and Mingsheng Wei. The author planned and executed the three ex-

periment days in 2017 and 2018. To optimize the plasma conditions for these experiments,

the author used the FLASH radiation-hydrodynamic code to simulate the laser-generated

plasma profiles. The author also analyzed Cu Kα images to quantify the hot electron di-

vergence. For the hard x-ray spectrum analysis, the author simulated the target response

functions by using the GEANT4 Monte Carlo simulation package. The author has also

calculated the synthetic hard x-ray spectra and fitted the synthetic spectra to the mea-

sured spectra to infer the hot electron temperatures and energies. In addition, the author

reconstructed the plasma density perturbations from the shadowgraphy images. The au-

thor has also calculated the synthetic AFR images based on the FLASH-simulated density

profiles. The synthetic AFR images were compared with the experimental AFR images by

the author to benchmark the FLASH code and reveal the pump-depletion dynamics. To

explain the pump-depletion dynamics, the author developed the SBS saturation model

induced by the ion-acoustic wave breaking, which agrees with the observations.

The OMEGA EP and OMEGA-60 operation teams performed the experiments.

General Atomics manufactured the targets and provided the target meteorology. The

FLASH Center at the University of Chicago develops the FLASH open-source code. Dan

Haberberger originally wrote the Matlab scripts used to generate the synthetic AFR im-

ages. The author adjusted the scripts to create the image from a density profile simulated

by FLASH. The target response functions of the 3-layer (25 µm CH/20 µm Cu/50 µm Al)

disk target and the detector response functions of the bremsstrahlung MeV x-ray spec-

trometer (BMXS) [69] were simulated by Jonathan Peebles using ITS 3.0 Monte Carlo

code [70]. Jun Li performed the Osiris PIC simulations. The optical depth (OD) correction

tables and the time and wavelength calibration for the EP sub-aperture backscattering

spectrometer were from Tim Filkins. Micheal Rosenberg wrote the scripts to correct the

OD and the dispersion. The author added a feature to correct the deformation of the
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streak camera images.
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Chapter 2

Physics of Laser–Plasma Instabilities

and Role of Hot Electrons in Shock

Ignition

As discussed in Ch. 1.4 and Ch. 1.5, shock ignition needs a 1016 W/cm2 laser to

generate a ∼300 Mbar shock to ignite a pre-compressed capsule made of fusion fuel. The

physics mechanisms in laser propagation, absorption, and shock generation are compli-

cated. This chapter first introduces the fundamental physics regrading laser propagation

in plasma. Then, since laser–plasma instabilities are important for shock ignition, the the-

ories of laser–plasma instabilities are discussed. Two of these instabilities, two-plasmon

decay and stimulated Raman scattering, can generate hot electrons. These hot electrons

may benefit shock ignition since they may generate the shock at certain temperatures.

Two mechanisms for ignition shock generation are discussed: ablation by thermal con-

duction and ablation by hot electrons. In this chapter, equations are in Gaussian units by

default. Temperatures usually have the dimension of energy; if they follow the Boltzmann

constant kB, they are in the unit of Kelvin.
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2.1 Electromagnetic wave propagation in plasmas

Plasma is a quasineutral gas made of negatively and positively charged particles.

This state can be achieved by heating any material to a high temperature (≳ 1 eV,1 eV=
11.6×103 K) since the energetic atoms can ionize each other. The ions and electrons are

influenced by their electric and magnetic fields and are often considered as two individual

fluids. Each fluid can have density and pressure perturbations and generate electric and

magnetic fields.

Electromagnetic (EM) waves may propagate in a plasma depending on the wave’s

frequency and the plasma’s density. Because of the lower mass of the electron, the oscil-

lating electric field of the high frequency EM wave can drive the electrons. The electron

fluid equation of motion is

duuue

dt
=− e

m
EEE(xxx)exp(−iω0t)− ∇pe

mene
, (2.1)

where duuue
dt is the material derivative of the velocity, defined as

duuue

dt
= ∂uuue

∂t
+uuue ·∇uuue. (2.2)

In a homogeneous or large-scale plasma, the ∇pe
mene

term is in the longitudinal direction of

the EM wave, so it can be neglected when the plasma is cold. The ∇uuue tensor can also be

neglected if the length scale of the flow velocity, Lue = |uuue|/∇ ·uuue, is much larger than the

wavelength. As a result, the EM wave’s electric field would drive a current in which the

current density is

JJJ =−n0euuue =
iω2

pe

4πω0
EEE, (2.3)

where ωpe = 4πe2n0/me is the plasma frequency, and n0 is the unperturbed electron den-

sity.
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To derive the wave equation of the EM wave in plasma, we need to solve Maxwell’s

equations. Faraday’s Law becomes

∇×EEE = iω0

c
BBB (2.4)

if the magnetic field BBB = BBB(xxx)exp(−iω0t) is in the same form as EEE. Ampere’s Law gives

∇×BBB = 1
c

(
iω2

pe

ω0
EEE− iω0EEE

)
. (2.5)

Then, taking the curl of Eq. 2.4 and substituting the ∇×BBB from Eq. 2.5 gives

∇× (∇×EEE)= −1
c2

(
ω2

pe −ω2
0

)
EEE, (2.6)

in which

∇× (∇×EEE)=∇(∇ ·EEE)−∇2EEE. (2.7)

Here, Gauss’s law gives ∇ ·EEE = 4πne1, where ne1 is the electron density perturbation fol-

lowing the mass conservation law:

∂ne1

∂t
+∇ · (uuuene)= 0. (2.8)

However, the density perturbation term is usually neglected when the plasma has a large

density scale, reducing the EEE equation to

∇2EEE+
ω2

0 −ω2
pe

c2 EEE = 0, (2.9)

which is in the form of a wave equation. Similarly, the BBB equation can also be derived by

taking the curl of Eq. (2.5) and substituting ∇×EEE from Eq. (2.4). The resulting equation
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includes the term ∇ω2
pe. This term can be neglected if the plasma is close to homogeneous.

As a result, BBB obeys the same wave equation as EEE. When assuming a planar wave where

EEE(xxx)= EEE0 exp(ikkk · xxx), the dispersion relation of the EM wave in a plasma becomes

ω2
0 =ω2

pe +k2c2. (2.10)

Based on this dispersion relation, the phase velocity vph of the EM wave is higher than

light speed in vacuum since

vph = ω0

k
= ω0c√

ω2
0 −ω2

pe

. (2.11)

The refractive index η= c/vph < 1 depends on the plasma density, which means the phase

front of the propagated EM wave contains the information of the density profile in the

plasma. The related laser probe diagnostics are described in Sec. 3.3.3.

The dispersion relation, Eq. (2.10), also defines the region where the wave can

propagate. In the ω0 <ωpe region, the wave number k would have an imaginary part, so

the wave would decay within a skin depth of the plasma, Lskin = c/ωpe. Where ω0 = ωpe,

the electron density nc = 1.1×1021/λ2 cm−3, where λ is the vacuum light wavelength in

µm. This density is known as the critical density of the EM wave.

Although the dispersion relation, Eq. (2.10), has a simple expression, deriving it

neglected the density and velocity gradient based on the assumption that the plasma is

cold and close to homogeneous. However, when a laser is probing a small scale plasma,

the inhomogeneity can cause anisotropy of the permittivity tensor and thereby change

the polarization [71, 72]. The EM wave frequency ω0 would also be shifted by the Doppler

effect if propagating in a flowing plasma. The magnetic field in the longitudinal direction

of the EM wave would also adjust the dispersion relation of a circularly polarized EM

wave. Consequently, the magnetic field would rotate the polarization plane of a linearly

polarized EM wave. This effect is known as the Faraday rotation, which is useful in
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diagnosing the magnetic field in the plasma [73]. Simulations show that under inertial

confinement fusion (ICF) conditions Faraday rotation is usually more substantial than

the depolarization caused by the plasma inhomogeneities [74].

2.2 Inverse-bremsstrahlung absorption

The electrons quivering in the EM wave may collide with ions and deposit their

energy. As a result, the plasma absorbs the EM wave energy. This collisional absorption

is known as inverse-bremsstrahlung absorption [75, 76, 77].

Adding the collision term into the momentum equation, Eq. (2.1), gives

duuue

dt
=− e

m
EEE(x)exp(−iω0t)− ∇pe

mene
− ∑

j=ions
(uuue −uuuj)νej, (2.12)

in which νej is the Maxwell-averaged momentum-loss collision frequency between the

electrons and the j-th ion species, and uuuj ≈ 0 is the ion velocity. The Maxwell-averaged

momentum-loss collision frequency, in SI units, is

νej =
4(2π)1/2

3
nj

(
Zje2

4πϵ0kTe

)2 (
kBTe

me

)1/2
lnΛ∼ 9×1010Z2

j

( nj

1021 cm−3

)(
kBTe

1 keV

)−3/2
lnΛ s−1,

(2.13)

where nj is the ion density, and lnΛ is the Coulomb logarithm [78]. Since ω0 > ωpe,

the Coulomb logarithm would be a function of the laser frequency ω0 [77]. The total

momentum-loss collision frequency of an electron is

νei =
∑

j=ions
νej. (2.14)

With the revised equation of motion Eq. (2.12), the dispersion relation of the EM wave in
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the collisional plasma becomes

k2c2

ω2
0

= 1−
ω2

pe

ω0(ω0 + iνei)
. (2.15)

As seen, the wave vector kkk has an imaginary term. When νei ¿ ω0, the spatial damping

rate of the energy is

κib ≈
νei

c
ne

nc
(1− ne

nc
)−1/2, (2.16)

which is twice the imaginary part of the wave vector kkk since the wave energy is propor-

tional to |EEE|2.

As a result, most of the laser energy would be absorbed in regions with densities

close to critical density since the spatial absorption ratio increases with the density. In

shock ignition, in which the keV coronal plasma has a length scale ∼300 µm, the region

with ne > 0.2nc would absorb >80% of the laser energy if only the inverse-bremsstrahlung

absorption is considered.

High plasma temperatures also inhibit the collisional absorption by lowering the

collision rate between the electrons and the ions. Previous research has analyzed the

absorption of the spike laser in large scale plasma at different temperatures, showing

that, compared with the 2 keV case, the energy absorption region in the 4 keV plasma is

closer to nc [79].

2.3 Laser–plasma instabilities

The EM wave propagating in a plasma can be unstable because of wave resonance,

which is known as laser–plasma instability (LPI). The plasma’s electron waves and ion-

acoustic waves can scatter the EM wave through Thomson scattering. The superposition

of the scattered light and the incident light forms a beat wave, which drives an oscillat-
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ing ponderomotive force that amplifies the electron or ion-acoustic wave and enhances the

Thomson scattering. Thus, the scattering and wave amplification form a positive feedback

loop that can grow exponentially. This section discusses the three major LPIs: i) stimu-

lated Raman scattering, in which an EM wave is resonant with the scattered EM wave

and an electron plasma wave, ii) stimulated Brillouin scattering, in which an EM wave

and the scattered light are resonant with an ion-acoustic wave, iii) two-plasmon decay,

in which an EM wave decays into two electron plasma waves. Because they may deplete

the laser pump and generate hot electrons, understanding LPIs is key to assessing laser–

shock energy conversion for shock ignition.

2.3.1 Stimulated Raman scattering

Stimulated Raman scattering (SRS) is the LPI that converts an EM wave into a

secondary EM wave and an electron plasma wave. For the three waves to resonate, the

frequencies and wave vectors of the secondary EM wave and the plasma wave need to

match those of the primary wave:

ω0 =ωs +ωp (2.17)

kkk0 = kkks +kkkp, (2.18)

where ω0 kkk0 and ωs kkks are the angular frequencies and wave vectors of the primary EM

wave and the scattered EM wave, respectively, which obey the dispersion relation Eq. 2.10,

and ωp and kkkp are the plasma wave’s angular frequency and wave vector, respectively,

which obey the Langmuir wave’s dispersion relation:

ω2
p =ω2

pe +3k2
pv2

th, (2.19)
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in which ωpe = 4πe2ne/me is the plasma frequency and vth = √
Te/me is the thermal ve-

locity of the electrons. As discussed in Sec. 2.1, the existence of a secondary EM wave

requires ωs > ωpe. Based on Eq. (2.17), ωpe needs to be less than 1
2ω0, which suggests

that the SRS can only occur when ne ≲ 0.25nc. When the scattering occurs at 0.25nc, the

scattered light has zero group velocity. This instability is called absolute SRS [80] and it

has a low threshold. When the instability happens in the ne ¿ 0.25nc region, all three

waves propagate, so it is called convective SRS and has a higher intensity threshold.

When the three waves resonate, the amplitudes of the scattered light and the

plasma wave grow exponentially. The amplitude growth rate is [18]

γ0 =
kpvos

4

[
ω2

pe

ωp(ω0 −ωp)

] 1
2

. (2.20)

For a given density, this growth rate maximizes when kp maximizes, which corresponds

to the backscattering SRS.

The damping of the electron plasma wave and the scattering light can reduce the

growth rate to γeff, which can be solved from

(γeff +γp)(γeff +γs)= γ2
0, (2.21)

where γp is damping rate of the plasma wave’s amplitude including both Landau damping

and collisional damping:

γp =
(π

8

)1/2 ω2
p

k3
pλDe

3ωpe
exp

[
− 1

2k2
pλ

2
De

− 3
2

]
+νei/2, (2.22)

in which λDe =
√

Te/me/ωpe = vth/ωpe is the Debye length, νei is the electron-ion collision

frequency (discussed in Sec. 2.2), and the first term is the Landau damping rate given

by Eq. (9.18) in Ref. [18]. Because of the exponential dependence of γp on kpλDe, when
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kpλDe ≳ 0.3, strong Landau damping inhibits the growth of SRS. The amplitude collisional

damping rate of the scattered EM wave is

γs = νei

2

(
ωpe

ωs

)2
. (2.23)

Thus, γeff > 0 is the threshold for SRS growth in a homogeneous plasma.

In an inhomogeneous plasma, the growth of SRS is limited by the coherent length

of the three waves. The wave numbers k0, ks, and kp shift during wave propagation,

breaking the wave vector matching condition, thereby limiting the coherent length. The

coherent length, known as the interaction length lint, can be estimated as the propagation

distance covered as the phase difference grows to π, which can be expressed as

∫ lint

0
[k0(z)−ks(z)−kp(z)]dz ∼ 1

2
. (2.24)

The difference of wave vectors, k0(z)− ks(z)− kp(z), can be defined as ∆k(z). Because of

the matching condition, ∆k(z) is approximately equal to its first-order Taylor expansion,

∆k′z. As a result, lint ∼
p

1/∆k′. The waves need to grow in the interaction region, so the

instability threshold to have an e-fold growth of the wave amplitude becomes

γ2
eff

l2
int

vgsvgp
> 1, (2.25)

where vgs and vgp are the group velocities of the scattered light and plasma wave, re-

spectively. [81] The interaction distance depends on the plasma’s length scale since ∆k′ is

inversely proportional to the length scale of the plasma Ln = ne(z)(∂ne/∂z)−1. As a result,

SRS can grow to a higher amplitude in a plasma with a larger scale length. The intensity

thresholds of the convective (ne ¿ nc/4) and absolute SRS (ne ∼ nc/4) are summarized in
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Ref. [82]:

Icon,SRS = 4×1017

Ln(µm)λ0(µm)
W/cm2 (2.26)

Iabs,SRS = 5×1016

L4/3
n (µm)λ2/3

0 (µm)
W/cm2. (2.27)

For shock ignition where Ln ∼ 300 µm and λ0 = 0.351 µm, the convective SRS intensity

threshold is ∼4×1015 W/cm2 and the absolute SRS threshold is ∼5×1013 W/cm2. Both are

below the required intensity of the spike pulse.

SRS generates hot electrons. The damping or breaking of the plasma waves con-

verts the wave energy to kinetic energy in the wave-trapped electrons. Particle-in-cell

simulations [83] suggest that the temperature of the accelerated hot electrons is approx-

imately equal to the kinetic energy of an electron moving with the plasma wave’s phase

velocity (vph =ωp/kp):

Thot ∼ mev2
ph/2. (2.28)

For the backscattering SRS, the hot electron temperatures depend on the local density.

Since kp decreases and ωp increases as the density increases, the phase velocity increases

with plasma density. This estimate implies that the backscattering SRS near the nc/4

region would generate the hottest electrons, Thot ∼ 70 keV. The experiments presented in

this dissertation measured the wavelength of the scattered light, which can indicate the

local density of the SRS source, kλDe, and Thot as shown in Fig. 2.1. The role of these hot

electrons in shock ignition is introduced in Sec. 2.5.2.
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(a)

(b)

(c)

Figure 2.1: The dependence of (a) the SRS-induced hot electron temperature, (b) plasma
density, (c) kpλDe on the wavelength of the measured scattered light. The incident laser’s
wavelength is 351 nm.
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2.3.2 Two-plasmon decay

An EM wave can decay into two electron plasma waves through two-plasmon decay

(TPD), in which the wave frequency and vector matching conditions are

ω0 =ωp1 +ωp2 (2.29)

kkk0 = kkkp1 +kkkp2. (2.30)

Since ωp1 and ωp2 are approximately equal to ωpe, the instability would happen near the

nc/4 region where ωpe ≈ω0/2.

For a homogeneous plasma, the growth rate of TPD can be expressed as [18]

γ(kkk)' kkk ·vvvos

4

∣∣∣∣ (kkk−−−kkk0)2 −k2

k|kkk−−−kkk0|
∣∣∣∣ , (2.31)

in which kkk = kx x̂+ kz ẑ is wave vector of one plasma wave, x̂ is the direction of the laser’s

electric field, ẑ is the laser’s longitudinal direction, and kkk000 −−− kkk is the wave vector of the

other plasma wave.

The dependence of the TPD growth rate on kx and kz, as shown in Fig. 2.2, suggests

that the growth rate peaks when kx ∼ kz for k À k0. This feature implies that in the

region away from nc/4, the largest TPD-induced plasma waves propagate at ∼45◦ off the

laser direction, resulting in TPD-generated hot electrons with a wide divergence, which is

confirmed experimentally. [84]

2.3.3 Stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) is a process that can convert the EM wave

into an EM wave of the scattered light and an ion-acoustic wave. Like SRS and TPD, SBS
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Figure 2.2: The dependence of TPD growth rate γ on kx and kz following Eq. (2.31). γ

in this figure is in units of vosk0/4.

follows the wave frequency and wave vector matching conditions

ω0 =ωs +ωi, (2.32)

kkk0 = kkks +kkki, (2.33)

in which the ion-acoustic wave’s frequency ωi and wave vector kkki would obey its dispersion

relation. The dispersion relation is the zeros of the plasma dielectric function ϵ(k,ω) as

shown in Eq. (1) of Ref. [85]:

ϵ(k,ω)= 1+χe +
∑

j
χi j = 0, (2.34)
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in which χe is the electron susceptibility, and χi j is the ion susceptibility of the jth species.

The susceptibilities are functions of the plasma dispersion function Z(ξ) [86]:

χe =−
ω2

pe

2k2v2
e

Z′
(

ωp
2kve

)
(2.35)

χi j =−
ω2

pi j

2k2v2
i j

Z′
(

ωp
2kvi j

)
, (2.36)

where vi j is the jth ion species’s thermal velocity
√

Ti/mi j, and ωpi j is this ion species’s

ion-plasma frequency. The plasma dispersion function Z(ξ) was originally expressed in

Ref. [87]. The dispersion relation, Eq. (2.34), can be simplified to

ωi = cski, (2.37)

where cs is the sound velocity ∼ √
ZTe/mi, where Z is the ionization level. The sound

velocity is about 0.1%c for a 1-keV H+ plasma. For SBS, ki < 2k0 and ωi < 2cs/c, leading

to ωi ¿ ω0. As a result, only a small fraction (ωi/ω0) of the laser energy involved in SBS

can be absorbed, with the majority of the energy scattered. For a plasma consisting of two

ion species, two modes of ion-acoustic waves can exist according to the dispersion relation

Eq. (2.34). Solving Eq. (2.34) would also give the sound velocity for each mode.

Similar to backscattering SRS, backscattering SBS has the largest growth rate

since it is proportional to
√

ki as

γSBS = ωpivos
√

ki

4
p
ωscs

(2.38)

according to Eq. (8.11) in Ref. [18]. Since ωi ¿ ω0 and ωs ≈ ω0, the growth rate peaks

when ki maximizes, which occurs when the scattered light is going backwards (ki,max ≈
2k0). However, as a result of laser filamentation and side scattering, a large fraction of
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the Brillouin-reflected light would go out of the lens. Experiments [88, 89] and simula-

tions [90] have shown that, under strong scattering conditions (reflectivity> 60%), the

energy in the side-scattered light is about 1–4 times the energy of backscattering.

The growth rate above is derived under the assumption of weak coupling, γSBS ¿
kics. For strong coupling, γSBS À kics, the dispersion relation of SBS becomes

ω'
k2

0v2
osω

2
pi

2ω0

1/3 [
1
2
+ i

p
3

2

]
. (2.39)

In shock ignition, the strong coupling mode of SBS may occur with certain laser inten-

sities and plasma densities. In the rest of this dissertation, strong coupling SBS is not

considered since γSBS ≲ kics in these experiments.

Unlike SRS, the threshold of SBS is determined by the scale length of the flow

velocity, especially in inertial confinement fusion, since the inhomogeneity of the flow ve-

locity can cause Doppler shifts for all three waves, breaking coherence. The inhomogeneity

of the plasma’s expanding velocity can be described by the velocity scale length as

Lv = cs

∂u(x)/∂x
, (2.40)

where u(x) is the local plasma expanding velocity. In 1-dimensional conditions, Lv ∼ Ln ∼
cst [91]. The threshold of SBS limited by the velocity inhomogeneity is [82]

It,SBS ' 7×1015

Lv(µm)λ0(µm)
Te(keV)

nc

ne
W/cm2. (2.41)

In shock ignition, where Lv ∼ 300 µm and Te ∼ 3 keV, the ∼1016 W/cm2 intensity of the

spike laser (λ0 = 0.351 µm) exceeds the SBS threshold in the ne > 0.02nc region.

Because of the low threshold and high growth rate, SBS can strongly affect shock

ignition through its strong scattering. particle-in-cell and fluid-model simulations suggest
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that SBS can reflect over 50% of laser light [33, 34, 35, 90]. Previous experiments have

used calorimeters to measure the energy of backscattering, side-scattering, and plasma

absorption. In these experiments, the SBS in a preformed plasma reflected > 60% of the

energy of a ∼ 1016 W/cm2 laser [88, 89, 92, 93].

SBS saturates when the amplitude of the ion-acoustic wave reaches its limit. Wave

breaking (strong trapping) may occur when the ion’s quivering velocity is close to the

wave’s phase velocity:

Zeϕ= miv2
quiver/2= mic2

s /2, (2.42)

where ϕ is the potential of the wave. The density perturbation in this ion-acoustic wave

δn is also related to the potential:

δn/n0 ' eϕ/Te. (2.43)

When the ions are heated, the wave breaking condition becomes

Zeϕ= M
2

(
cs −

p
3vi

)2
(2.44)

under an assumption of a waterbag distribution (constant in [−p3vi,+
p

3vi]), where vi =√
Ti/mi is the ion’s thermal velocity. This model suggests that when the ions are heated

up, a possible consequence of SBS, the wave breaking reduces the wave amplitude as well

as the reflectivity nearly to zero. This wave breaking model can explain the slow laser

penetration observed in experiments. The model–experiment comparison is presented in

Ch. 4.

Besides wave breaking, ion-trapping would also detune the SBS and limit reflectiv-

ity, which is observed in experiments [94]. The ion-trapping can shift the frequency of the
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ion-acoustic wave by
δΩ

ω j
≈−η

(
δn
ne

)1/2
, (2.45)

in which ω j is the frequency of the ion-acoustic wave dominated by the jth ion species, and

the detuning parameter η is

η=− f jp
2π

(v4 −v2)exp(−v2/2)
√

Z jTe/Ti, (2.46)

where v = cs/vi j ∼
√

Z jTe/Ti since vi j =
√

Ti/m j is the thermal velocity of the jth ion

species; f j is the number fraction of the jth ion species. Because of the exponential de-

pendence, the detuning parameter η is sensitive to Z j. If Te/Ti = 3, η for Be4+ would

be 7 times higher than for C6+. This Z dependence implies that detuning would more

effectively suppress the SBS with the low-Z ion mode.

2.4 Laser filamentation

A laser beam may break into filaments during its propagation in a plasma, which

can increase the local intensity and enhance LPIs. Laser filamentation can be driven

by several mechanisms such as laser ponderomotive forces [95], thermal forces [96], and

relativistic effect [97].

Similar to SBS, ponderomotive-force-induced filamentation is a mutual amplifica-

tion between the perturbations of the density and the EM waves. The nonuniformity of

the laser intensity profile would create ponderomotive force in the transverse direction,

which pushes the electrons and ions out, reducing the local density and increasing the

refractive index according to Eq. (2.10). The local high refractive index focuses the laser

and further increases the ponderomotive force. These processes form a positive feedback

loop.
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According to Eq. (19) in Ref. [95], the relation between the filamentation’s spatial

growth rate κ and the perturbation wave vector in the laser’s transverse direction ky can

be expressed as

4k2
0κ

2 = (E2
0ϵ

′ω
2

c2 −k2
y)k2

y, (2.47)

where E0 is peak electric field in the laser EM wave, and the plasma dielectric constant is

ϵ= 1−
(
ωpe

ω0

)2
= 1−

(
ωpe0

ω0

)2
exp

[
−e2〈E2〉

2meω
2
0(Te +Ti)

]
(2.48)

and

ϵ′ = ∂ϵ

∂〈E2〉 =
(
ωpe0

ω0

)2 e2

2meω
2
0(Te +Ti)

exp

[
−e2〈E2〉

2meω
2
0(Te +Ti)

]
, (2.49)

where 〈E2〉 = E2
0/2 is the averaged square of the electric field in the EM wave, and ωpe0 is

the original plasma frequency without the density perturbation. Based on Eq. (2.47), the

mode that has the largest growth rate would have

k2
y =

1
2

(E2
0ϵ

′)
ω2

c2 . (2.50)

Substituting ϵ′,

ky,max = ω

c
ωpe0

ω0

√
mev2

os

4(Te +Ti)
exp

[ −mev2
os

4(Te +Ti)

]
. (2.51)

This ky expression is different from Eq. (21’) in Ref. [95] since that equation included a

mistake and did not explicitly define VT.

Substituting Eq. (2.51), the largest spatial growth rate is

κmax =
k2

y,max

2k0
. (2.52)
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Thus,

κmax = k0

8

ω2
pe0

ω2
0

mev2
os

Te +Ti

[
1−

(
ωpe0

ω0

)2]−1

exp
[ −mev2

os

2(Te +Ti)

]
, (2.53)

and 1/κmax is the critical plasma length Lc for the filamentation to grow.

In the dissertation’s experiments, the UV laser creating the plasma generated

the filamentation in the 0.1−0.25nc region. The UV laser had λL = 0.351 µm and 2×
1014 W/cm2; thus, mev2

os = 9 eV. The plasma it created had Te = 1.5 keV and Ti = 0.5 keV.

In this condition, the critical length would be Lc ∼ 600 µm and ky,max = 0.012k0, which

suggests that the filaments have a perturbation width of 2π/ky,max ∼ 80λL ∼ 30 µm.

2.5 Ignition shock generation

As discussed in Sec. 1.4, the spike laser in shock ignition needs to convert sufficient

energy to generate a shock that has >300 Mbar ablation pressure. [30] In shock ignition,

two mechanisms may convert the energy: collisional absorption and direct heating by the

hot electrons.

2.5.1 Ablation by collisional absorption

As discussed in Sec. 2.2, the laser deposits its energy into the plasma through the

collision between the quivering electrons and ions, which is known as inverse-bremsstrahl-

ung. Since the absorption rate is proportional to n2
e and the laser can only propagate in

the region with ne < nc, most of the laser energy would be absorbed near the nc region.

Then, this energy diffuses into the denser region through thermal diffusion, which heats

the dense shell. The heated shell expands outward acting as the rocket’s jet, forming an

ablation pressure to drive the inward shock.

The scaling law for the ablation pressure has been developed by C. Max et al. [31,

98, 99]. When the flux limiter is assumed to be f = 0.1, the ablation pressure pa can be
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expressed as Eq. (A3) in Ref. [31]

pa ' 9.0
[(

IP

1014 W/cm2

)0.67 (
1 µm
λL

)0.67]
Mbar (2.54)

where IP is the absorbed laser power divided by 4πR2
a, and Ra is the radial position of

the ablation front. The absorption intensity at the critical position (rc) is Ic = IP(Ra/rc)2.

Typically, Ra/rc is about 0.7–1 according to the scaling law Eq. (A1) and (3) in Ref. [31].

According to Eq. (2.54), to achieve the required 300 Mbar ablation pressure, the absorbed

intensity at the ablation front needs to reach ∼6.5×1015 W/cm2. Under the assumption

of a 50% energy absorption rate and Ra ∼ 0.85rc, this ablation pressure requires lasers

with λL = 0.351 µm to have an overlapped intensity ∼ 1016 W/cm2 at the critical density

surface.

2.5.2 Ablation by super-thermal electrons

The LPI-induced hot electrons may be capable of driving the ignition shock. [47]

This mechanism is efficient since the hot electrons can deposit the energy where the shock

is generated, rather than heating up the sub-critical coronal plasma hundreds of microm-

eters away from the shock.

The shock generated by stopping the monoenergetic intense hot electron beam was

first discussed in Ref. [47]. References [48, 49] discussed the shock generated by the hot

electrons in an exponential energy distribution. When an intense hot electron beam hits

a compressed (10 g/cm3) Deuterium–Tritium shell, the beam can heat up the shell in the

electrons’ stopping range. The heated shell would generate rarefaction wave, leading to

a shock moving forward. The stopping range (ρR0) of the DT shell is related to the hot

electron energy ϵ0 by

ρR0 = 2
5
ϵ2

0

S0
, (2.55)
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where S0 =πe4Z lnΛ/mi. [49] For an exponential distribution, the average stopping range

ρRexp has been derived in Ref. [48] as

ρRexp = 3
2

T2
h

S0
. (2.56)

Thus, the average stopping range of electrons with energy exponentially distributed is

close to that of a monoenergetic electron beam with ϵ0 =p
15/4Th. For example, the T =

30 keV electrons would have an averaged stopping range of 6.5 mg/cm2, which is close to

the stopping range of a 60-keV monoenergetic electron beam. [47, 48]

The stopping range ρR, the shell density ρ, and the electron beam intensity on the

shell Ib determine the loading time th and the peak pressure ph. Loading time th is the

time for the shock to reach its peak pressure. It is also the time for the rarefaction wave to

pass the heated zone. The rarefaction wave propagates at the sound speed cs ∼
√

ZT/mi;

thus, th ∼ xh/csh, in which csh is the maximum sound speed and T = Ibth
3(Z+1)nixh

. Ref. [49]

summarizes this model and gives scaling laws for th and Ph:

th ∼ 0.111(ρR)I−1/3
b ρ−2/3 ns (2.57)

Ph ∼ 175I2/3
b ρ1/3 Mbar, (2.58)

where Ib is in units of 1015 W/cm2, ρ is the compressed shell density in g/cm3, and ρR is

the average stopping range in mg/cm2.

Compared with the shock generated by monoenergetic ϵ0 electrons, an electron

beam with an exponential energy distribution (Th = 0.516ϵ0, same average stopping range

ρR) would preheat the upstream region and reduce the shock strength, P2/P1, in which

P2 is the downstream shock pressure and P1 is the upstream pressure [48]. However, in

both cases, the shock pressure P2 would reach the same maximum pressure Ph at the
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shock loading time th. Then, P2/P1 of the shock generated by the exponential electron

beam would continue growing and reach its maximum at ∼ 3th. At that time, the shock

front reaches 3xh. In addition, the shock strengths at ∼ 3th are similar in both cases.

According to this model, using hot electrons to generate a 300 Mbar shock in a 10

g/cm3 compressed DT shell would require an electron beam with Ib > 7×1014 W/cm2 on

the shell surface. If the electrons have a temperature of about 50 keV, the beam duration

needs to be longer than th = 0.4 ns for the shock pressure to reach 300 Mbar. The average

stopping depth for this Th = 50 keV beam would be xh = 15 µm. The shock would have

its maximum strength when passing through the outer ∼45 µm of the shell. As a result,

the hot electron temperature and the beam intensity would limit the design space of the

shock ignition’s capsule.
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Chapter 3

Experimental and Simulation

Methods

As discussed previously, shock ignition requires the laser spike pulse to gener-

ate a ∼300 Mbar shock. The energy conversion from the laser to the shock depends

on the laser–plasma instabilities and the generation of the hot electrons. The disserta-

tion’s experiments conducted at the OMEGA EP and OMEGA-60 laser facilities character-

ized the hot electrons and the nonlinear laser–plasma instabilities under high intensities

(∼1016 W/cm2) and large plasma length-scales, Ln ∼ 300−500 µm. In these experiments,

the hot electrons were quantified by diagnosing bremsstrahlung x-rays as well as the

Cu K-shell fluorescence. The plasma perturbation induced by the laser–plasma instabili-

ties has also been captured by using the angular filter refractometer and shadowgraphy

images. The stimulated Raman and Brillouin scattering were measured using the sub-

aperture backscattering spectrometers on OMEGA EP. Radiation–hydrodynamic simula-

tions were performed using open source code FLASH to simulate the plasma formation

process. GEANT4 Monte Carlo code was used to simulate bremsstrahlung emission and

infer the hot electron temperatures and energies. The laser facilities, diagnostics, data
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analyses, and simulation tools used for these projects are discussed in this chapter.

3.1 OMEGA EP and OMEGA 60-beam laser facilities

OMEGA EP (Extended Performance) and OMEGA (60-beam) are the multi-beam

laser facilities built and operated by the Laboratory and Laser Energetics at the Univer-

sity of Rochester. OMEGA EP has four kilojoule-class laser beamlines. All four beams

can be frequency-tripled (λL = 0.351 µm) UV lasers. These lasers can provide 0.1–10 ns

pulses at up to 1 TW per beam. The pulses of two beams can be compressed to 700 fs–

100 ps without a frequency convestion (λL = 1.054 µm) using optical parametric chirped-

pulse amplification (OPCPA) [100, 101]. Consequently, the IR pulse has a broad 3 nm

bandwidth. All four beams were integrated with a frequency modulator resulting in a

bandwidth of 0.1 THz for the UV light, which suppresses the stimulated Brillouin scatter-

ing in the optical system. [102] The UV beams are focused by f /6.5 lenses. Distributed

phase plates [103] can be installed for the UV beams to smooth the beam profile and cre-

ate a super-Gaussian focal spot. IR beams are focused by the off-axis parabolic mirrors

(OAP). The beam profile incident on the OAP (near-field) is a square of 32 cm and the OAP

has a 1 m focal length. Thus, the IR beams have a focal ratio of f /3.2. In addition, the two

IR beams can be focused by the same OAP in co-propagation mode, which can combine

two 100 ps pulses into a single 200 ps pulse.

The OMEGA-60 laser facility has 60 beamlines, powered by nanosecond UV lasers

which can deliver a total of 30 kJ energy onto the target with a peak power of 0.5 TW per

beam. These lasers are spherically distributed around the chamber, resembling a soccer

ball. The short-pulse IR lasers of OMEGA EP can also be injected into the OMEGA-60

chamber.

These nanosecond kilojoule-class lasers are ideal to study the laser–plasma insta-
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bilities for shock ignition. In the experiments presented in this dissertation, the UV lasers

with phase plates acted as the implosion pulse of shock ignition, irradiating the target

with intensities of 1014 −1015 W/cm2 to create the large and hot plasma. 1–2 ns after the

onset of the low-intensity lasers, ∼1016 W/cm2 UV or IR lasers were injected, acting as

the spike pulse in shock ignition. When using the UV laser, this intensity was achieved

by tightly focusing the laser to a spot of 80–100 µm in diameter, at 1 TW per beam in a

1-ns pulse. The IR lasers (up to 2.5 kJ, 100 ps pulse) were set to have a ∼300 µm diameter

spot on the plasma’s quarter critical density surface ∼1 mm above the target surface. At

this location, the laser is still focusing, and the best focus is near the target surface.

3.2 Target design

Two major target types were used in these experiments: a 3-layer disk and a multi-

layer sphere, as shown in Fig. 3.1 and Fig. 3.2, respectively. The basic 3-layer disk target

comprises a CH layer of 25 µm Parylene-N (PN) or polystyrene (PS), coated (PN) or glued

(PS) onto a 20 µm Cu layer, which is attached to a 50 µm Al layer. The Al layer is used

to provide extra stopping power for the hot electrons and inhibit electron refluxing. A

revised version of the planar target has a low-density (1.1 g/cm3) Cu foam cylinder glued

to the back of the CH layer, as shown in Fig. 3.1(b). These planar targets were used in the

OMEGA EP experiments.

The spherical targets used in the OMEGA-60–OMEGA EP joint experiments are

of two types. One type has a 1.2 g/cm3 Cu foam ball coated with a layer of 30 µm PN, as

shown in Fig. 3.2(a). In the coating process, PN penetrated ∼85 µm deep into the foam

and filled about 30% of the pore space. The penetration depth was measured using a

scanned electron microscope (SEM) to image the cross-section of a target that has been

cut in half. The space fill ratio is inferred from the mass difference of the target before
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1.1 g/cc
Cu foam

O.D. = 500 ± 10 µm

1.5 ± 0.1 mm

CH 25 ± 2 µm

O
.D

. =
 3

.0
 ±

0.
1 

m
m

CH washer, thickness =
125 µm, O.D. = 5 mm,
I.D. = 0.6 mm

(a) (b)

Figure 3.1: Planar target configuration. (a) 3-layer disk target. (b) Cu foam cylinder
target.

and after coating. The other spherical target, as shown in Fig. 3.2(b), has an 8 µm layer of

Cu/B co-sputtered onto a CH bead. A 30 µm PN layer is then coated onto the Cu/B layer.

The co-sputtering is applied to reduce the surface roughness (<1 µm). The average Cu

density in this layer is 6.5 g/cm3.

3.3 Diagnostics and analysis tools

3.3.1 Bremsstrahlung spectrum measurement

The main method for measuring the hot electrons is diagnosing the spectra of the

bremsstrahlung x-rays using a Bremsstrahlung MeV X-ray Spectrometer [69]. The decel-

eration of the hot electrons in the target emits hard x-rays through the bremsstrahlung

process. Fitting synthetic spectra from Monte Carlo simulations to the measured spectra

gives the hot electrons’ temperatures and energies.

The two BMXSs used in this project are identical. Each of them has a stack of 15

filters alternating with 15 image plates. These filters and image plates are placed inside
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Cu foam 
1.2 g/cc
425 µm

Parylene N (CH) coating
30 µm thick

CH penetrated in Cu 
foam 85 µm thick

CH bead
420 µm diameter

CH coating
30 µm thick

co-sputtered Cu/B 
8 µm thick

(a) (b)

Figure 3.2: Spherical target configuration. (a) Cu foam ball target. (b) CH ball target
with a Cu layer embedded.

a Delrin cartridge loaded into a lead housing. The filters are listed in Fig. 3.3. In the

OMEGA EP experiment, BMXSs were placed outside of a 3 mm Kodial Borosilicate glass

window. The distance from the detector aperture to the target chamber center (TCC) is

190.3 cm. The visible field of view is 5.11 cm at the target chamber center (TCC). The

completely visible field of view is 0.95 cm at TCC, which is much larger than a typical size

of the target (∼5 mm). In the OMEGA-60 chamber, the BMXS is placed 1.34 m away from

the TCC. Blast shields made of 100 µm Al + 250 µm PET covered the front of the BMXS

in our 2016 experiments. In the 2018 experiments, it was placed 1.92 m from the TCC,

covered by blast shields made of 25 µm Al + 250 µm PET. The low-energy filter pack was

used in the 2018 experiments; the high-energy filter pack was used in other experiments.

Since each image plate is filtered by a different filter components, the image plates

respond differently to x-rays. Their response functions are shown in fig. 3.4. These re-

sponse functions are calculated by using integrated TIGER series (ITS) 3.0 Monte Carlo

simulation code [70]. These simulations calculated the deposited energy on the active

layer of each image plate from x-ray bins, which were logarithmically spaced into 150
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Layer Filter 
Thicknes
s (mm)

Filter 
and IP 
Material

0 5 Teflon

0 5 Teflon

1 0.1 Al

1 0.5 IP-1

2 0.1 Ti

2 0.5 IP-2

3 0.1 Fe

3 0.5 IP-3

4 0.1 Cu

4 0.5 IP-4

5 0.1 Mo

5 0.5 IP-5

6 0.15 Ag

6 0.5 IP-6

7 0.5 Sn

7 0.5 IP-7

Layer Filter 
Thickness 
(mm)

Filter and 
IP 
Material

8 0.5 Ta

8 0.5 IP-8

9 1.56 Au

9 0.5 IP-9

10 1 Pb

10 0.5 IP-10

11 2 Pb

11 0.5 IP-11

12 3 Pb

12 0.5 IP-12

13 4 Pb

13 0.5 IP-13

14 6.4 Pb

14 0.5 IP-14

15 6.4 Pb

15 0.5 IP-15

Layer Filter 
Thickness 
(mm)

Filter and 
IP 
Material

0 1 Teflon

1 0.5 IP-1

2 0.5 IP-2

3 0.5 IP-3

4 0.5 IP-4

5 0.5 IP-5

6 0.5 IP-6

7 0.5 IP-7

8 0.05 Ta

8 0.5 IP-8

9 0.5 IP-9

10 0.5 IP-10

11 0.5 IP-11

12 0.5 IP-12

13 0.5 IP-13

14 0.5 IP-14

15 0.5 IP-15

Figure 3.3: Filter and image plate stacks in the BMXS cartridge. The left and middle
columns are the high energy configuration which can resolve the x-ray spectrum up to 1
MeV. The right column is the low-energy configuration which is designed to resolve the
x-rays up to 100 keV.

bins ranging from 1 keV to 100 MeV. The nth simulation injects 2× 106 x-ray photons

with energies randomly distributed from 105(n−1)/150 keV to 105n/150 keV into the BMXS,

then calculates the average deposited energy on the active layer. The simulated cannon

response functions are benchmarked to experiments [69, 104]. In addition, the measured

photo-stimulated luminescence, PSLraw, is proportional to the energy deposited in the

active layer as [69, 104, 105, 106, 107]

PSLraw = f PSLcorr = f αEdep, (3.1)
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(a) MeV filter configuration with 3 mm glass in
front of the cartridge.

(b) Low-energy (<100 keV) filter configuration
with 25 µm Al + 250 µm PET covering the car-
tridge front.

Figure 3.4: BMXS response functions of each image plate’s active layer: photon-
deposited energy in unit area density of the image plate’s active layer, in units of
MeVg−1cm2ph−1. The area density of the active layer in a BAS-MS image plate is 0.038
g/cm2.

in which for the Fuji BAS-MS image plate, α= 0.75±0.11 PSL/MeV when the scan pixel

size is 50 µm [107], and α = 0.54 PSL/MeV when the pixel size is 100 µm, which is cor-

rected by the resolution multiplier listed in Table IV of Ref. [106], and f = 0.9 is the fading

factor for the BAS-MS image plate (scan delayed 45 min) [108]. In the experiments de-

scribed in this dissertation, the scan pixel size for BMXS is always 100 µm. The scan

sensitivity is S4000, and the latitude is L5. For the low-energy x-rays (<10 keV), a more

complicated model is proposed in Ref. [107], which considers the transmission of the scan-

ner and PSL photons. For > 20 keV x-rays, photons would deposit uniformly in the depth
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of the active layer. Therefore, Eq. 3.1 is a suitable model for BMXS [107].

3.3.2 Cu Kα radiation diagnostics

Besides the BMXS, this project has also used Cu Kα diagnostics—a spherical crys-

tal imager (SCI) [109] and a zinc von Hamos spectrometer (ZVH) [110]—to quantify the

hot electrons. After a hot electron knocks out one of the bound electrons in the inner

shell (K-shell), a second-shell (L-shell) electron may fall into the K-shell, emitting a Cu

Kα x-ray. The cross-section of the Kα emission has been characterized in Ref. [111]. In

this experiment, the hot electrons would need to penetrate the CH layer before reaching

the Cu layer. The 25 µm-thick 1 g/cm3 CH would slow 40 keV electrons to ∼10 keV [112],

which suggests that only hot electrons with > 40 keV energy would induce the Cu K-shell

emission.

Spherical crystal imager

To image Cu Kα x-rays, the SCI uses a quartz crystal, spherically bent, to reflect

the x-rays. The spherical crystal has a curvature radius of 500 mm. The focal distance

is half of the curvature radius. This crystal was cut along the 2131 (211) planes for a 2d

spacing of 0.3082 nm, in which d is the lattice distance. The reflection order is 2 for the

Cu Kα. The Bragg angle is 88.7◦, which is close to the surface normal direction. This

imager has a magnification of 9.63 on OMEGA EP and 14.7 in OMEGA-60 chamber. An

image plate is used as the signal detector.

The crystal also reflects the continuous bremsstrahlung x-rays around the Cu Kα

emission. Because of their wide bandwidth, these x-rays would spread and become the

background signal. This background was fitted by a 3rd-order 2D polynomial model and

subtracted.
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Zinc von Hamos spectrometer

The zinc von Hamos spectrometer (ZVH) uses a curved highly oriented pyrolytic

graphite (HOPG) crystal placed in von Hamos geometry to resolve the x-ray spectrum

around the Zinc Kα and Kβ x-rays. In these experiments, this diagnostic was inserted by

4 mm to center the Cu Kα and Kβ (∼8.9 keV). The crystal reflectivities were calibrated for

the Cu Kα and Kβ x-rays [110]. In this calibration, the ZVH used a Fuji BAS-MS image

plate as the x-ray detector. This image plate was scanned with S4000 sensitivity, 50 µm

resolution and L5 latitude. The same parameters were applied in the experiments de-

scribed in this dissertation. To protect the crystal and control the signal level, blast shield

and image plate filters covered the front of the ZVH and the image plate respectively. The

data were processed in several steps to obtain the total Cu Kα yield from the measured

spectrum: spectrum calibration, detector filtration correction, background subtraction,

fitting Gaussian functions to the Cu Kα spike and finally target filtration correction, fol-

lowing Ref. [113]. The target filtration correction is performed because the 20 µm-thick

Cu layer inside the target can block ∼50% of the emitted Cu Kα, causing uncertainties

when comparing the measured yields, especially for those experiments that have the ZVH

detector placed in a different direction. Although the correction is also imprecise because

the emission’s distribution inside the Cu layer cannot be determined, by assuming the Cu

layer emits the x-rays uniformly or from its front, this correction can give the upper and

lower bounds of the total emission yield.

The ZVH-measured Cu Kα yield can also be compared with the yield calculated

in ITS 3.0 simulations. When the simulation gives a synthetic bremsstrahlung spectrum

fitting the BMXS measurement, it also calculates the Cu Kα emission which is compared

with the ZVH measurement, as discussed in Sec. 5.4.2. The inconsistencies are not signifi-

cantly above the uncertainties of the ZVH and BMXS (20%). In addition, the inconsistency

can also be induced by the collective effect of the electron propagation. [114]
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3.3.3 4ω probe diagnostic system

On OMEGA EP, a fourth-harmonic laser (10 ps, 10 mJ, λp = 263 nm) was injected

to probe the plasma with a suite of diagnostics [115] including angular filter refractometry

(AFR) [116], shadowgraphy, polarimetry [117]. The probe laser can illuminate a ∼4-mm

diameter region at the target chamber center. The light passing through the plasma is

collected by an f /4 telescope. The imaging system also has a bandpass filter which blocks

wavelengths more than 2 nm away from 263 nm.

Angular filter refractometer

An angular filter refractometer (AFR) [116] is installed to capture the plasma per-

turbations induced by laser–plasma instabilities. The AFR has concentric rings placed on

the Fourier plane of the 4ω probe measuring the map of the refraction angle of the 4ω

probe after passing through the plasma. The refraction angle map can show the density

perturbation is because the refraction index depends on the plasma density as discussed

in Sec. 2.1

η=
(
1− ne

nc

)1/2
, (3.2)

in which nc = 1.6×1022 cm−3 is the critical density of the 4ω probe laser. The probe’s phase

front (ϕ(x, y) in radian) after passing through the plasma is

ϕ(x, y)= π

λpnc

∫ ∞

−∞
ne(x, y, z)dz, (3.3)

assuming ne ¿ nc, and z is the direction of the probe axis, λp = 263 nm which is the

probe’s wavelength . The refraction angle of the probe (θp in radian) is proportional to the

gradient of the phase as

θp(x, y)= λp

2π
|∇ϕ(x, y)|. (3.4)
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To visualize the map of the refraction angle, the concentric rings placed on the Fourier

plane can block certain bands of angles, creating shadows on the image plane. This filtered

image shows the contour map of the probe’s refraction angle. With a carefully designed

filter, the AFR can measure a wide range of densities (1019 −1021 cm−3 on OMEGA EP).

Shadowgraphy and inversion

Shadowgraph images of the 4ω probe were also captured to diagnose the density

perturbations induced by either laser–plasma instabilities or laser filamentation. The

density depression inside the perturbation would act as a focusing lens, since the refrac-

tive index in the low-density region is higher than that in the high-density region. If the

density depression is in front of the object plane, it focuses the probe, creating a high-

intensity spot on the object plane; when the density depression is behind the object plane,

effectively, it creates a lower-intensity spot on the object plane.

The quantitative analysis of the shadowgraphy image in laser–plasma experi-

ments has been proposed in Ref. [118], using a linear deflection model. This model

suggests that the intensity of the probe laser on the object plane I(x, y) depends on the

density profile of the plasma as [119]

(
∂2

∂x2 + ∂2

∂y2

)∫ ∆z

0
lnη(x, y, z)dz = 1

L
I(x, y)− I0

I0
, (3.5)

in which I0 is the original intensity of the probe, and L is the distance between the plasma

and the object plane. This linear model is appropriate if the deflection-induced light dis-

placement on the object plane (Lθp) is much smaller than the scale of the density pertur-

bation.

If the displacement (Lθp) is large, the deflection becomes nonlinear. Since the
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deflection angle θθθp =−∇∫
lnη(x0, y0, z0)dz0, the deflection potential can be defined as

Φ(x0, y0)=−
∫

lnη(x0, y0, z0)dz0, (3.6)

in which x0, y0, z0 are coordinates in the plasma. The probe light passing through (x0, y0)

would be deflected to (x, y) on the object plane, in which

x = x0 +θp,xL, (3.7)

y= y0 +θp,yL. (3.8)

The intensity on the object plane I(x, y) becomes

I(x, y)= I0(x, y)∣∣∣ ∂(x,y)
∂(x0,y0)

∣∣∣ (3.9)

where
∣∣∣ ∂(x,y)
∂(x0,y0)

∣∣∣ is the determinant of the Jacobian matrix of (x, y) respect to (x0, y0).

In the nonlinear regime where Eq. 3.5 is invalid, the reconstruction of Φ(x0, y0)

can give the density profile by forward-fitting the simulated intensity map I(x, y) to the

measured shadowgraphy images. The reconstruction algorithm is described in Ref. [120].

The current version of this code is available online [121], which implements an improved

computational algorithm as described [122]. The reconstructed deflection potential Φ(x, y)

gives the amplitude and typical size of the density perturbations, as discussed in Ch. 6.

However, in most of the laser–plasma interaction experiments, the object plane of the

probe’s imaging system was set on the center of the plasma. As a result, the distance

between the perturbations and the object plane L is unknown. Since density perturba-

tions far from the object plane would cause larger deflection displacements, dominating

the intensity perturbation, L is assumed to be at its upper limit, which is the radius of
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the perturbation region (300 µm) in the dissertation’s experiment.

3.4 Radiation–hydrodynamic code: FLASH

FLASH [123] is an open-source radiation–hydrodynamics code used in this project

to simulate the laser heating and the plasma generation. FLASH was originally designed

to simulate plasma hydrodynamics for astrophysics research; it has been improved to

include the physics of laser energy deposition and light deflection in plasmas. Therefore,

FLASH is capable of simulating the high-energy-density physics (HEDP) experiments

conducted at multi-beam laser facilities such as OMEGA and NIF.

The simulations for this project were developed based on the LaserSlab unit, which

simulates a laser irradiating a solid slab target. The plasmas generated by these nanosec-

ond lasers are usually non-equilibrium: electrons, ions, and radiation have different tem-

peratures. To simulate this non-equilibrium condition, the LaserSlab unit applies three-

temperature (3T) hydrodynamics physics models, including radiation transportation, as

well as the energy exchange between the electrons and ions. The radiation’s emission,

absorption, and transmission are calculated based on the multigroup opacity tables gener-

ated from PROPACEOS [124], in which the radiation energy was logarithmically spaced

over 6 groups from 0.1 eV to 100 keV. The equation of states of the plasma is also inter-

polated from the PROPACEOS EOS tables. The plasma formation was simulated in 2D

cylindrical (r−z) coordinates, assuming that the plasma is symmetric in the azimuthal di-

rection. The laser ray-tracing and the inverse-bremsstrahlung absorption are calculated

in 3D Cartesian coordinates. Then, the deposited energy is projected onto the 2D r − z

coordinates.
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3.4.1 Benchmark

The simulated plasma profiles agree with the experimentally measured profiles, as

described in Ch. 5. FLASH has also been benchmarked with the thermal conduction exper-

iments performed at the Nova laser facility [125]. This experiment used eight beams (four

beams on each side) to irradiate a 1.5 µm Ti foil. The four beams on each side delivered

11±0.5 kJ energy in a 2 ns flat-top pulse. The lasers were focused 3800 µm above the tar-

get surface without phase plates. The lasers penetrated the target, creating a x-ray ring

on the target surface expanding outward. X-ray cameras captured the radius changing

with time. To benchmark FLASH, we simulated the laser beams irradiating the 1.5 µm

Ti foil with 750 µm diameter spots (8th order super-Gaussian shape) and the same inci-

dent angles as the experiment (50◦off the target normal). The overlapped spot diameter

on the target surface is about 1100 µm. Flux limiter ( f = 0.06) is used in the simulation,

same as that in other simulations for this dissertation. The x-ray emission ring (bright

spot at r = 570 µm) is shown in Fig. 3.5, which is the map of the n2
eTe, since x-ray bright-

ness is proportional to n2
eTα

e , in which α was chosen to be 1.0 in this benchmark. The ring

position versus time is plotted in Fig. 3.6, which agrees well with the experimental results

(blue points).

3.4.2 Limitations

Despite the agreement between the simulations and the experiments, the simula-

tions still produces discrepancies from the experiments because of the r− z coordinates

and the lack of the laser–plasma interaction physics. First, the cylindrical symmetry

in simulations is inconsistent with the experiment. In the experiments, the one or two

laser beams were heating the plasma in different directions. However, in the 2D r − z

simulations, a ring of laser beams above the target are heating the target because of the
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Figure 3.5: x-ray emission (n2
eTe) map for the benchmark simulation at 800 ps. The

ring emission is the bright dot at r = 0.057 cm

Figure 3.6: Ring radius versus time. Blue points are the measured ring positions from
Ref. [125], the yellow line is the ring position versus time in the FLASH simulation.
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3D-in-2D ray-tracing model, which enlarges the spot size and reduces the laser intensity

on the target surface by 1− cos(23◦) = 8%. The enlarged spot size would also enlarge the

length-scale of the plasma. Second, the laser–plasma interaction model in FLASH con-

siders only the inverse-bremsstrahlung absorption, without any laser–plasma instability

(LPI) model. The lack of LPI physics limits the accuracy of simulating the experiments

with IL > 1015 W/cm2 lasers, in which LPIs are strong. However, this discrepancy can be

used to infer the role of LPIs. The analyses are presented in Ch. 4.

3.5 Monte Carlo code: GEANT4

GEANT4 is an open-source simulation toolkit that has been used to simulate the

target response functions in this project, which describes the x-ray emissions due to a

hot electron hitting the target. Since most of the hot electrons’ energies are <10 MeV,

and atomic de-excitation and its induced x-ray fluorescence are important in this elec-

tron energy range, the low-energy electromagnetic physics models in GEANT4, such as

the Livermore physics model or the Penelope model, are suitable to be applied. For this

project, the G4EmLivermorePhysics physics list constructor was chosen, and the atomic

deexcitation processes are turned on, which includes fluorescence, Auger electrons, and

particle-induced x-ray emission. The x-ray absorption is also simulated self-consistently.

The target response function simulation was modified from the x-ray fluorescence

simulation unit provided as one of the advanced examples in GEANT4, version 10.03. A

total of 81 simulations were conducted to cover the 10 keV–100 MeV energy range. Each

simulation injects 108 hot electrons with energy

EHE,i = 101+ i−1
20 keV. (3.10)

The simulations record the energies and the directions of the electrons and the photons
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that escape from the target. The recorded x-rays are binned into 150 energy groups and

36 angular groups. The x-ray energy bins have logarithmically spaced edges from 1 keV

to 100 MeV. The angle bins are spaced linearly from 0◦ to 180◦ off the electron direction.

Thus, the dependence of the x-ray emission on the hot electron energy can be summarized

as a target response matrix (TRM) with 81×150×36 elements. For a BMXS cannon located

at θ angle off the laser direction, the vector of the synthetic PSL (PSLsyn, 1×15) becomes

PSLsyn = fHE ×TRMθ×CRM, (3.11)

in which fHE is the electron spectrum binned as a 1× 81 vector, TRMθ is an 81× 150

matrix chosen from TRM based on the BMXS’s line-of-site, and CRM is the 150×15 cannon

response matrix as discussed in Sec. 3.3.1. Fitting PSLsyn to the measured PSL by tuning

fHE can give the hot electron’s temperature and energy. The analyses are detailed in

Sec. 5.4.1.
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Chapter 4

Pump-Depletion Dynamics and

Saturation of Stimulated Brillouin

Scattering in Shock Ignition Relevant

Experiments

4.1 Introduction

As discussed in Ch. 1 and Ch. 2, the laser–shock energy coupling in shock igni-

tion remains uncertain, since the spike pulse may lose energy because of laser–plasma

instabilities (LPIs), such as stimulated Raman scattering (SRS), stimulated Brillouin

scattering (SBS), and two-plasmon decay (TPD). This chapter reports on a series of ex-

periments to study the laser propagation and LPI physics with SI-relevant high intensity

(∼1016 W/cm2) in large-scale (Ln ∼ 260–330 µm) keV plasmas, an unexplored regime. The

blast wave profile suggests that a strong laser pump-depletion starts at the low-density

(ne ∼ 0.02nc) plasma and progresses into the higher density (ne > 0.1nc) region in 0.5 ns.
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1016W/cm2 1 ns UV laser

2 – 4 ⨉ 1014W/cm2
UV beams

25 µm CH
20 µm Cu
50 µm Al

4⍵ probe
10 ps

SABS

AFR on
Fourier
Plane

Figure 4.1: The experimental setup. One-two 2 kJ 2 ns UV lasers (blue) irradiated the
disk target to generate the plasma (light red). One tight focused 1.25 kJ UV laser (red
triangle) was injected to interact with the plasma. A 4ω laser (purple) probed the plasma
immediately after the laser–plasma interaction.

Such ns-scale pump-depletion dynamics can be explained by the local SBS saturation in-

duced by the breaking of the ion-acoustic wave (IAW). This SBS saturation help resolve

the long-standing discrepancy on the reflectivity data between PIC simulations [33, 34,

35] and previous experiments [46, 56, 63, 64, 65, 40, 67]. These findings have significant

implications for future SI experiments with megajoule-class laser facilities and other high

energy density experiments where IAWs with high amplitudes may occur.
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4.2 Experimental setup

The experiments were performed on the OMEGA EP laser facility [68] at the Lab-

oratory for Laser Energetics, Rochester, US. To produce a shock ignition relevant plasma,

one or two 2 kJ, 2 ns UV lasers irradiated a 3-layer disk target (25 µm CH/20 µm Cu/50 µm

Al) acting as a hot electron collector [126, 127], as shown in Fig. 4.1. These 2-ns lasers

were smoothed by 750 µm 8th-order super-Gaussian distributed phase plates. Delayed by

1.0–1.5 ns relative to the 2-ns beam onset, a 1016 W/cm2 (1 ns, 1.25 kJ) UV pulse was then

injected into the plasma along the target normal direction. The beam was focused on the

target surface with a ∼80 µm diameter spot without a phase plate, which may maximize

the hot electron generation. It created a conical blast wave expanding radially from the

laser axis. Immediately after the interaction pulse, the blast wave was captured on the

refraction map of a 4ω probe laser (λ= 263 nm, 10 ps) by an Angular Filter Refractometer

(AFR) [116]. The streaked Sub-Aperture Backscattering Spectrometer (SABS) temporally

resolved the spectrum of the backward SRS (430–750 nm). The blast wave and the SRS

spectrum evolution have shown similar pump-depletion features in all of our 6 large-scale

experiments. We also used the radiation-hydrodynamic code FLASH [123, 128] to sim-

ulate the plasma formation and the blast wave generation. FLASH has no LPI physics

but can simulate the laser focusing, refraction, and collisional absorption. The simulated

plasma formation has been benchmarked [126, 129] and the thermal transportation in

FLASH is also benchmarked to a NOVA experiment [125].

4.3 Plasma profiles

We have used 2D R − z FLASH to simulate the plasma generation driven by the

low-intensity UV lasers. The plasmas’ density and temperature profiles along the laser

axis are shown in Fig. 4.2. The plasma generated by the 2 kJ UV laser has Ln ∼ 330 µm
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Figure 4.2: Simulated plasma density and temperature profiles along the target normal
axis before the start of the interaction laser.

and Te ∼ 1.5 keV) at 1.5 ns; the plasma generated by the 4 kJ UV lasers has a higher

temperature (2.0 keV) and a shorter scale length (260 µm) at 1.0 ns. The profiles are

similar to that described in Ch. 5. The length scales and the temperatures were given by

the profiles in the nc/10−nc/4 (0.9×1021 −2.25×1021cm−3) region. The 1.0 ns (or 1.5 ns)

was the timing for the high-intensity interaction laser relative to the start of the plasma

creation beam(s).

4.4 Blast wave

4.4.1 AFR measurement

The shapes of the blast waves, shown as the red dashed lines in AFR images

(Fig. 4.3), indicate that the high-intensity laser is strongly pump-depleted. The experi-

mental blast wave was captured in the AFR image, Fig. 4.3(a), at the end of the inter-
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10-9 IAW breaking model
Blastwave results

1016W/cm2 laser

Blast wave

(a) (b) 1016W/cm2 laser

Blast wave

Figure 4.3: (a) The experimental AFR image; (b) the FLASH simulated AFR image.
The target surface is at z = 0. White arrows show the directions of the high-intensity UV
interaction lasers. The red dashed lines and arrows mark the blast wave fronts and their
moving directions.

action laser. This high-intensity laser was delayed by 1.5 ns relative to the start of the

2 kJ 2-ns beam. At the start of the interaction pulse, the plasma has Te ∼ 1.5 keV and

exponential density length scale Ln ∼ 330 µm in the nc/10–nc/4 region. Experimentally,

the high-intensity laser generated a conical blast wave as shown in Fig. 4.3(a). The blast

wave diameter at the laser entrance, ϕ= 960±60 µm at z = 1.2 mm (ne ∼ 0.02nc), is 90%

larger than the diameter ϕ= 500±60 µm at z = 0.4 mm (ne ∼ 0.1nc).

4.4.2 FLASH simulations

Instead of the conical-shaped blast wave in the experiment, 2D FLASH simulation

shows a cylindrical blast wave in the synthetic AFR image in Fig. 4.3(b). The simulation

has the same f /6.5 focusing laser corresponding to the experiments but did not include any

LPI physics. These blast waves have similar diameters at the laser entrance (z = 1.2 mm)

(1.14 mm versus 0.96 mm). However, at z = 1.0 to 0.4 mm, the experimental blast wave
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has 20–60% smaller diameters than the one in the simulation.

This smaller blast wave at z < 1.2 mm can be due to the LPI-induced pump deple-

tion. According to Sedov’s self-similar model for a cylindrical blast wave [130], the blast

wave radius r ∝ t1/2(E/ρ)1/4, where t is the time after the explosion, E is the absorbed

laser energy per axial length and ρ is the medium density. Thus, the smaller blast wave

at z = 0.4–1.0 mm can either be due to a strongly inhibited laser absorption or a short-

ened interaction time. However, the Sedov model’s scenario may be unsuitable for this

experiment, in which the blast wave is driven by a continuous laser in a high pressure,

inhomogeneous plasma. We would need simulations to understand the conical shape in

the experiment.

Figure 4.4: Synthetic AFR image for the simulation that has 50% power-reduced laser

To verify the dependence of the blast wave on the laser power, we preformed a

2D FLASH simulations with a power reduced (50% of the original power) high-intensity

laser beam. The blast wave is still in a conical shape and has a diameter ϕ = 1.10 mm

at z = 1.0 mm, and ϕ = 1.04 mm at z = 0.5 mm as shown in the synthetic AFR image
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Figure 4.5: Synthetic AFR image for the simulation that has an f/3 focusing laser, mim-
icking the effect of self-focusing.

Fig. 4.4, similar to that in Fig. 4.3(b). Besides the laser power, since the laser may self-

focus because of its ponderomotive force, we also performed a FLASH simulation with an

f /3 laser to verify the dependence of the blast wave shape on the laser focusing. As shown

in Fig. 4.5, the f /3 laser still drives a conical blast wave.

Blast wave model

To understand the cause of the conical blast wave, we performed 1D cylindrical

FLASH simulations to rebuild the blast wave model.

In these 1D blast wave simulations, we scanned the laser power PL and the laser

duration respectively. Variation of the laser power is equivalent to variation of the ab-

sorption energy. The 1D simulation is an extracted thin layer at z = 0.5 mm of the

2D simulation at 1.5 ns adding reflective top and bottom boundaries. The laser has a
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(a) (b)
0

20%

100%

50%

0.50 ns
0.25 ns

No delay

Blast waves

Figure 4.6: The simulated density profiles after the laser interaction (a) with different
laser power, and (b) with different laser delays. The arrows mark the fronts of the blast
wave.

200 µm diameter spot on this layer and the laser absorption is still calculated by inverse-

bremsstrahlung. The density profile after the laser interaction is shown in Fig. 4.6(a) (for

varying laser power) and Fig. 4.6(b) (for varying pump-depletion time). The radial posi-

tions of the blast waves are at the locations of the steep density gradients, marked by

arrows. As shown in Fig. 4.6(a), the laser power weakly affects the position of the blast

wave. When the laser power is reduced to 20% of the original, the blast wave’s radial posi-

tion only decreases by 18% to 430±10 µm (green line), which is still 50% larger than the

experimental radius at z = 0.5 mm (r = 290±30 µm). Further reducing the laser power

to 5% would flatten the wave front to unobservable (profile not shown). No reduced laser

power can reproduce the small and clear blast wave found in the experiment; however, a

delayed laser onset can. As shown in Fig. 4.6(b), when the first 0.25 ns (purple line) or

0.50 ns (green) of the laser is fully pump-depleted—the remaining 0.75 ns or 0.50 ns pulse

has the original power—the radius decreases linearly from 520±10 µm (r0) to 420±10 µm
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or 320±10 µm, respectively. The relative change of the blast wave radius (r0−r)/r0 is pro-

portional to the pump-depletion time (tPD) as

r0 − r
r0

= tPD

1.3 ns
. (4.1)

This model is also validated by the 1D simulations at z = 1.0 mm. These simula-

tions also show the model is insensitive to the laser spot size. Figure 4.7(a) are the plasma

profiles in the simulations that have a 200 µm diameter laser spot (same spot size as the

simulation at z = 0.5 mm); fig. 4.7(b) shows the simulations with a 300 µm spot (consider-

ing a larger spot at z = 1.0 mm due to the laser focusing geometry). Despite the changing

of z and laser spot size, the relative change of the blast wave radius is still proportional to

laser delay time as
r0 − r

r0
= tPD

1.25 ns
(4.2)

in the 200 µm spot simulations and

r0 − r
r0

= tPD

1.31 ns
(4.3)

in the 300 µm spot simulations. Both results agree well with Eq. 4.1 given by the z =
0.5 mm simulations. This consistency also shows that although the spot size can affect

the intensity and the blast wave size, it would not impact the relative change of the blast

wave radius. Thus, Eq. 4.1 is valid despite that the density and the spot diameter are

changing along the laser axis.

The weak energy-dependence and the linear time-dependence suggest that the

LPI-induced pump-depletion blocks the first hundreds of picoseconds of the high-intensity

laser. Then the pump-depletion is mitigated and the laser intensity returns to the order

of the original and generate a smaller blast wave due to the delayed onset. Meanwhile,
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(a) The spot size is 200 µm, same as the spot size of the
z = 0.5 simulations.

(b) The spot size is 300 µm.

Figure 4.7: 1D FLASH blast wave simulations with varied laser delays and spot sizes
at z = 1.0 mm.
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Figure 4.8: The pump-depletion times (tPD’s) at different distances above the target (Z).
Blue diamonds are the experimental tPD’s from the blast wave analyses. The red dashed
line is the tPD predicted by the IAW breaking model.

the pump-depletion region moves inward, so the laser is slowly penetrating the plasma.

4.5 Time-dependent pump depletion

With the time-dependent blast wave model Eq. (4.1), we can calculate the pump-

depletion time tPD along the laser axis using the ratio of experimental radius to 2D

FLASH simulated radius as tPD(z) = (1− rexp(z)/rsim(z))× 1.3 ns. As shown in Fig. 4.8,

from z = 1.2 mm to 0.4 mm, the pump-depletion time tPD increases by 0.5 ns indicating

the pump-depletion region is moving inward with a speed of 0.5% c (vPD). This speed

agrees with an IAW-breaking SBS saturation model shown as the red dashed line, which
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1016 W/cm2 UV

start end
1016 W/cm2 UV
start end

(a) (b)

Figure 4.9: Streaked SRS spectra from two experiments in different plasma conditions.
(a) Same laser and plasma conditions to the blast wave shot (Ln ∼ 330 µm, Te ∼ 1.5 keV);
(b) The plasma has higher temperature (2.0 keV) and shorter scale length (260 µm),
and the interaction beam is delayed by 1.0 ns. Time=0 is the start of the low-intensity
UV lasers. The color scale is in log10. Red dashed lines are pump-depletion positions
predicted by the IAW breaking model.

is discussed later in this chapter.

4.6 Time-resolved spectrum of stimulated Raman scat-

tering

Consistent with the blast waves, the time-resolved SRS spectra also show strong

pump-depletion and a slow laser penetration in the 0.02–0.2 nc plasma. Fig. 4.9 shows

two SRS spectra from experiments in different plasma conditions. The experiment in

Fig. 4.9(a) is under the same conditions as the blast wave experiment shown above (Ln ∼
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330 µm, Te ∼ 1.5 keV). The SRS signal from ne < 0.02 nc low-density region (λ∼ 450 nm)

starts with the high-intensity UV laser. Then the SRS signal from the deeper region (0.02–

0.20 nc) gradually shortens. The experiment in Fig. 4.9(b) has a plasma with smaller

Ln ∼ 260 µm and higher Te ∼ 2.0 keV generated by two 2-ns beams. The high-intensity

laser is delayed by 1.0 ns. Similar to Fig. 4.9(a), the backscattered SRS starts at the

short wavelength region (<500 nm corresponding to ne < 0.06 nc). The onset of 500–650

nm SRS (0.06–0.20 nc) is delayed by up to 0.5 ns. During the first 0.5 ns, the absence of

SRS in the high-density region is contrary to the trend of the SRS convective gain, which

increases slightly with the density in this plasma [131]. This discrepancy indicates that

the first 0.5 ns of the laser pulse is depleted in the low-density region, which agrees with

the pump-depletion evolution observed in the blast wave.

4.7 Ion-acoustic-wave-breaking SBS saturation model

The inward movement of the pump-depletion region can be explained by the IAW-

breaking in SBS. An IAW would break when the ion quiver velocity (vquiver) is close

to the wave’s phase velocity (cs), as vquiver ≈ cs [132, 133]. Two IAW modes can grow

in a CH plasma: a fast mode dominated by H+ ions and a slow mode dominated by

C6+ ions. The phase velocities of each mode (cfast and cslow) are calculated by the ki-

netic model, expressed as Eq. (20) in Ref. [85], with Te(z), Ti(z), and ne(z) from the cor-

responding FLASH simulations. Under our conditions, cfast ∼ 1.1
√

Te/mH and cslow ∼
(0.6–0.8)

√
Te/mH. vquiver can be calculated from the energy of the IAW (EIAW) since half

of EIAW is the ion kinetic energy and the other half is the potential energy. In strong SBS

where the laser is fully scattered, IAW would constantly gain energy based on its wave

frequency as,
dEIAW

dt
= ωcs

ω0
PL, (4.4)
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where ωcs and ω0 are the angular frequencies of IAW and the laser, respectively, and PL

is the laser power. When the light is backscattered, the IAW’s wave number kIAW would

approximately equal to 2kL to match the momentum conservation [18], so ωcs/ω0 ≈ 2cs/c.

Accordingly, each IAW mode would reach the breaking condition in a small volume SL∆z

when
cfast

c
PL∆t ≈ 1

2
NHmHc2

fast (4.5)

for the fast mode, and
cslow

c
PL∆t ≈ 1

2
NCmCc2

slow (4.6)

for the slow mode, where NH and NC are the numbers of H+ and C6+ ions in volume

SL∆z, so NH = NC = neSL∆z/7. Here a square pulse with a constant power PL is assumed,

and ∆t is each SBS’s growing time in this volume and SL is the laser cross-section at

position z. When both modes grow simultaneously following Eq. (4.4), they would share

the laser power PL. However, the slow mode would saturate ∼8 times slower than the fast

mode because of the large mass of the C6+ ion, so we only considered the slow mode when

calculating the SBS saturation. After all C6+ ions in this volume are accelerated to the

IAW phase velocity, SBS would stop amplifying the IAW and stop reflecting, so the laser

can propagate into the next region. The pump-depletion front would move inward with

speed vPD expressed as

vPD(z)= ∆z
∆t

≈ 14PL

cslow(z)ne(z)SL(z) c mC
. (4.7)

This model can predict the moving positions of the pump-depletion, shown as the red

dashed lines in Fig. 4.8 and 4.9. The laser cross section SL(z) = π(z/6.5+80 µm)2/4 rep-

resenting an f /6.5 focusing laser with an 80 µm focal spot at z = 0. Although the plasma

conditions and the measurement methods are different, the predicted pump-depletion po-
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sitions in the 0.02–0.20 nc region agree well with all three experimental results.

4.8 Discussion

4.8.1 Other mechanisms for the conical blast wave

Although mechanisms other than pump-depletion may exist and affect the blast

wave generation in these experiments, such as self-focusing and the inhibition of inverse-

bremsstrahlung absorption due to the non-Maxwellian distributions, they cannot gener-

ate the conical blast wave. Self-focusing is weak in this experiment since the shape of the

laser-induced channel agrees with the theoretical shape of the f /6.5 focusing laser. In a

2D FLASH test simulation, an f /3 laser also produced a cylindrical blast wave, as shown

in Fig. 4.5, which suggests that the shape of the blast wave is insensitive to the focusing.

In addition, the inverse-bremsstrahlung in the ne < 0.2nc can only absorb <20% of the

laser power. The absorption may be inhibited by a non-Maxwellian distribution; however,

this inhibition is equivalent to reducing the laser power, which cannot generate the coni-

cal blast wave as shown in Fig. 4.6(a). Filamentation and self-focusing may increase the

local intensity and reduce the absorption; however, this intensity increase will enhance

SRS, which is against the delayed SRS in the ne > 0.05nc region as discussed.

4.8.2 Density depression

Besides the blast waves, the high-intensity laser also generated a low-density chan-

nel with perturbations inside and a narrow and high-density wall around, as shown in

Fig. 4.3(a). FLASH simulations have also shown density depression near the laser axis,

as shown in Fig. 4.10. However, the narrow and high density wall is only observable exper-

imentally, which may indicate a collective heating as suggested in PIC simulations [33].
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Z=1.2 mm

Phase 𝜙 ∝ ∫ 𝑛%d𝑦

refraction ∝ |∇𝜙|

Figure 4.10: Synthetic AFR image, electron density profile at z = 1.2 mm, phase lineout
of the wave front, refraction angle lineout. The dashed lines indicate the position of the
blast wave (x = 595 µm). The density depression in the center is shown in the density
profile.

72



4.9 Strong SBS in large-scale PIC simulations

The mechanism of the pump-depletion cannot be confirmed directly due to the lack

of the spectrally-resolved SBS measurements. However, large-scale 2D PIC simulations

suggest that non-linear SBS bursts can grow in the ne < 0.05 nc region depleting the

laser [131]. This SBS location agrees with the observed pump-depletion at the laser onset.

The simulation covered a 900 µm longitudinal length where ne increased from 0.01 to

0.28 nc. On average, only 25% laser energy can reach 0.05nc. However, its 10 ps simula-

tion period is not long enough to show the ns-scale pump-depletion dynamics.

4.9.1 SBS saturation in reduced-scale or hybrid PIC simulations

This dynamic pump-depletion has also been observed in small length-scale PIC or

ns-scale hybrid simulations, in which the SBS reflectivity drops to a few percent after a

high-reflectivity period [134, 135, 136, 137]. Ref. [134, 135] have studied a 1016 W/cm2

1-µm laser penetrating a 40 µm thick 0.3nc H+ plasma. The SBS reflectivity dropped at

6.5 ps after the laser onset. This fast saturation is consistent with Eq. (4.5) which predicts

that IAWs in this small plasma would break at 6.2 ps. The few percent reflectivity after

the saturation also supports the laser penetration observed in our experiments.

4.9.2 Implications

This ns-scale dynamic pump-depletion can explain why most PIC simulations show

stronger SBS than the experiments do. The simulations in Ref. [33, 34, 35] have ∼mm

sized plasmas but the simulation times (<100 ps) are not long enough for the SBS to sat-

urate. According to Eq. (4.7), the SBS in their simulations would saturate after 500 ps.

Although Ref. [61] simulated a smaller (160 µm) D+ plasma, the simulation time (5 ps)

is still one order shorter than the calculated SBS saturation time from Eq. (4.5). These
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simulations are still in the SBS growth phase, so the calculated high reflectivity is reason-

able. On the other hand, in the previous experiments [46, 56, 63, 64, 65, 40, 67], the low

SBS reflectivity may be caused by the small plasma scale and the low temperature. Our

experiments show no obvious pump-depletion with a smaller plasma (Ln ∼ 140 µm), since

the signals of SRS from ne > 0.1 nc region appeared simultaneously with the interaction

laser. Eq. (4.5) (4.6) also suggest that the SBS would saturate faster in a low-temperature

small-scale plasma. Thus, the measured low SBS reflectivity in previous experiments is

not in disagreement with our model.

This strong pump-depletion can affect the laser–shock energy coupling in multi-

ple ways. First, the pump-depletion can block the laser from reaching the high density

(up to nc) region, where the collisional absorption dominates. Thus, the collisional ab-

sorption would be greatly reduced. On the other hand, the pump-depletion may benefit

electron shock ignition [47, 48, 49, 50]. As shown in Fig. 4.9, the strong pump-depletion

can inhibit and delay TPD, which can generate >100 keV electrons. SRS in low density

(<0.2 nc) region only generates hot electrons with moderate temperature Thot < 50 keV

since Thot ∼ mev2
ph/2. Effectively, the pump-depletion can lower the hot electron temper-

ature, which may explain why Thot’s are lower in our experiments [127] (∼40 keV) than

those in small-scale experiments [46, 45] (60–70 keV). This effect favors the electron shock

ignition since the low-Thot electrons were predicted to be able to generate the ignition

shock more efficiently [48].

4.10 Conclusion

In conclusion, the first experiments to characterize LPI at full-scale shock ignition-

relevant laser intensity and plasma conditions have shown evidence of strong pump-

depletion of the spike pulse, which is in contrast with previous smaller-scale experiments
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where SBS was suppressed. This pump-depletion was observed to start at the ∼0.02 nc

low-density region and progress into 0.1–0.2 nc region over the first 0.5 ns of the spike

pulse. This dynamic agrees with the IAW-breaking SBS saturation model. This SBS sat-

uration mechanism can explain the reflectivity discrepancy between previous PIC simu-

lations and experiments, where simulations with significantly shorter time-scale overpre-

dicted SBS and low SBS is expected in previous experiments with either low intensities or

small-scale plasmas. The IAW-breaking may further perturb the plasma and impact other

LPIs [138], which has not been considered in SI-scheme so far. Furthermore, the strong

pump-depletion would inhibit the collisional laser absorption in the megajoule-scale SI

scheme, but may benefit electron shock ignition by reducing the TPD generated high en-

ergy electrons. Effects of the overlapped beams on LPI and hot electron generation in SI

require further investigation.

This chapter is currently being prepared for the publication: “Pump-depletion Dy-

namics and Saturation of Stimulated Brillouin Scattering in Shock Ignition Condition”,

S. Zhang, J. Li, C. M. Krauland, H. Reynolds, S. Muller, F. N. Beg, W. Theobald, C. Ren,

C. Stoeckl, D. Haberberger, T. Filkins, D. Turnbull, R. Betti, E. M. Campbell, J. Trela,

D. Batani, R. Scott, M. S. Wei. The dissertation’s author is the primary investigator and

author of this paper.
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Chapter 5

Experimental Study of Hot Electron

Generation in Shock Ignition

Relevant High-Intensity Regime with

Large Scale Hot Plasma

5.1 Introduction

As shown in Ch. 4, laser–plasma instabilities deplete nearly 100% of the laser en-

ergy, which would inhibit the collisional laser absorption. However, previous simulations

predicted that the hot electrons with the temperature Thot < 150 keV may benefit the

full-scale shock ignition with a significant gain increase as well as expand the parame-

ter space for robust ignition designs. [25, 22] Since the plasma density scale-length and

the temperature can influence the competition in LPIs, such as that between stimulated

Raman scattering (SRS) and two-plasmon decay (TPD) [54, 60], the characterization ex-

periments for ∼1016 W/cm2 lasers in large scale (Ln > 300 µm) and high temperature
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(>keV) plasmas are warranted. With the capability to create those large plasmas [116],

a planar geometry experiment on OMEGA EP is an efficient platform to characterize the

LPIs and the hot electrons for the SI-relevant ∼1016 W/cm2 lasers.

In this chapter, a planar target experiment on OMEGA EP is presented, where

hot electron generation in SI-relevant plasmas was characterized and compared for the

first time with multi-kilojoule infrared (IR) and ultraviolet (UV) lasers at shock ignition

relevant intensities. It is found that the IR laser generated hot electrons have a moderate

temperature (Thot ∼ 90 keV) with the energy conversion efficiency of ∼2.4%, while the UV

laser couples ∼0.8% energy to hot electrons with Thot ∼ 27 keV. With the moderate tem-

perature and the higher energy conversion efficiency, IR or green lasers may be viable for

generating the ignition shock in the SI scheme. Therefore, studies of LPIs at SI-relevant

intensities with IR lasers (i.e., this dissertation) are an important step in scoping the

viability of such a proposal.

This chapter is organized as follows. The experimental setup is shown in Sec. 5.2.

The large plasma profiles are characterized and compared to the radiation hydrodynamic

simulations as detailed in Sec. 5.3. The hot electron results are described in Sec. 5.4.1 and

Sec. 5.4.2. The low coupling in the UV laser case may be due to its off-normal incidence,

and the resultant refraction in the large plasma as discussed in Sec. 5.4.3. A discussion

and summary is provided in Sec. 5.5.

5.2 Experimental setup

The planar target experiment was performed using the 4-beam OMEGA EP laser

facility [68] at the Laboratory for Laser Energetics (LLE), University of Rochester. Fig-

ure 5.1 depicts the beam configuration and the viewing directions of the main diagnostics.

One or two 3ω UV (λUV = 0.351 µm) lasers smoothed by 8th order super-Gaussian 750
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Figure 5.1: Laser, main diagnostic and target configurations with (a) IR interaction
beam and (b) UV interaction beam. One or two long-pulse UV beams with the overlapped
intensity of 2.0–3.6×1014 W/cm2 were used to create the large-scale plasma. A 4ω probe
diagnostic system was used to characterize the electron density profile. Bremsstrahlung
emission spectra were detected by two BMXSs. The hot electron excited Cu Kα radiation
was measured by a spherical crystal imager and an x-ray spectrometer. (c) is the target
configuration with CH ablator facing lasers.
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µm spot size distributed phase plates (SG8-750 DPP) [103] delivered 1.8 kJ (one beam) or

6.4 kJ (two beams) total energy in a 2-ns (one beam) or 4-ns (two beams) square pulse to

the target ablation surface with the overlapped average intensity of 2.0–3.6×1014 W/cm2

to create a high temperature (1.1−1.8 keV) and long scale-length plasma (Ln ∼ 330 µm

in the UV’s 0.1–0.25 nc region, and Ln ∼ 380–450 µm in the IR’s 0.1–0.25 nc region). The

plasma conditions and the characterizations are described in Sec. 5.3 and listed in Ta-

ble 5.1. The plasma-creation beams were followed by the main-interaction beam that was

timed at 1.5 ns after the start of the plasma-creation beams. This interaction beam was

either a high-intensity UV laser (1.4 kJ, f /6.5, ∼1016 W/cm2 in vacuum) in a 1-ns square

pulse at 23◦ off the target normal, or a normal incident IR beam (∼100 ps, up to 2.5 kJ,

λIR = 1.054 µm, f /3.2). The UV interaction beam was tightly focused with a focal spot

size of ∼100 µm on its quarter critical density plane (nc/4 = 2.25×1021 cm−3), which was

200 µm above the initial solid target surface. The IR beam was defocused with a 60 µm

spot (for the 1 kJ case) or a 300 µm spot (for the 0.7 kJ and the 2.5 kJ cases) at its quarter

critical density position (ne = 2.5×1020 cm−3), which was ∼1 mm above the initial solid CH

surface according to the radiation-hydrodynamic simulations described in Sec. 5.3. The

average vacuum intensity of the 2.5 kJ IR beam is 2×1016 W/cm2. To quantify the laser

hot spots, we used a focal-spot-diagnostic [139] to indirectly measure the spot profile at

1.7 mm above the target surface. This shows that the hot spot regions where the localized

intensity is two times higher than the average intensity contains less than 10% of the

total energy. The actual average intensities could be reduced to 1.5×1015 W/cm2 for the

0.7 kJ laser and 5×1015 W/cm2 for the 1.0 kJ and 2.5 kJ lasers given that the 300 µm spot

of the 2.5 kJ IR laser was observed to spread to 670 µm and the 60 µm spot of the 1.0 kJ

IR beam spread to 410 µm from the measured 4ω probe data (see Fig. 5.4)

The experiments used a 3-layer planar solid target (25 µm CH/20 µm Cu/50 µm

Al), shown in Fig. 5.1(c). The low-intensity long pulse UV beams irradiated the CH front
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layer to form a CH coronal plasma. The Cu layer served as a tracer for hot electrons’

detection since they excite Cu Kα x-rays (8.05 keV). The 50 µm Al back layer provided the

extra stopping power for the hot electrons to inhibit their recirculation.

To characterize the plasma density profiles including the laser–induced perturba-

tions, an ultrafast (10-ps) fourth-harmonic 4ω probe beam [115] (λp = 263 nm) was used

to capture the angular filter refractometer [116] and shadowgraphy images. To diagnose

the hot electrons’ characteristics and energy deposition in the target, several types of x-

ray diagnostics were deployed. The total yield of the Cu Kα fluorescence emission excited

by the hot electrons was measured by a calibrated Zinc von Hamos x-ray spectrometer

(ZVH) [110]. This spectrometer uses a curved HOPG crystal in von Hamos geometry

[140] to diagnose x-ray spectrum in the range of 7−10 keV. A spherical crystal imager

(SCI) [109] was used to image the Cu Kα spot to infer the hot electron angular spread.

The hot electron-produced bremsstrahlung from the target was mainly diagnosed by two

identical bremsstrahlung hard x-ray spectrometers (BMXSs) [69] at 25◦, and 65◦ off the

target rear normal, respectively. The BMXSs use a stack of 15 image plates as detectors

with plastic and metal filters interleaved in-between. It can measure the x-rays in the

range from 17 keV up to 800 keV. X-ray pinhole cameras (XRPHC) with 152.4 µm Be

filters were used to image the x-ray emission in the energy range from 2 to 7 keV [141].

5.3 Plasma characterization

We used both experimental measurements and simulations to characterize the

large coronal plasma. Two-dimensional radiation-hydrodynamic simulations using the

FLASH code [123, 128] were performed to model the plasma generated by the low-

intensity UV long pulse lasers. The simulation was conducted in 2D cylindrical coor-

dinates with 3D-in-2D laser ray tracing, which traces the laser rays in 3D and then
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Figure 5.2: Simulated plasma profiles, experimental and synthetic AFR images: (a)
the electron density profile log10(ne) at 4.0 ns simulated by FLASH, ne is in cm−3. The
contours with log10(ne) = 20.0,20.4,21.0,21.4 represent the positions of IR’s nc/10, nc/4,
nc, and the UV’s nc/4; (b) the experimental AFR image at 4.0 ns overlapped with the
contour of the synthetic AFR image, which is calculated with the density profile in (a).
The initial target position captured by the 4ω probe registration shot is marked with
yellow straight lines. y = 0 is the original target surface in (a) and (b). (c) FLASH
simulated electron density and temperature profiles along the axis normal to the target
center at 1.5 ns, 2.5 ns, and 4.0 ns.

81



projects the deposited energy on the R-z plane. The laser energy deposition was calcu-

lated based on the inverse-bremsstrahlung model. The FLASH simulations used the same

experimental laser and target parameters. Tabulated equation of state (EOS) and multi-

group opacity models for the solid CH used in the FLASH simulation are obtained with

IONMIX4 [142]. Figure 5.2(a) shows the FLASH-simulated electron density profile with

density contours (dashed lines) at the end of the UV plasma creation beam (4.0 ns). The

density contours from 1020 to 1021.4 cm−3 represent the positions of the IR’s 0.1,0.25,1 nc,

and the UV’s 0.25nc.

In our experiments, electron density profiles were diagnosed by a refraction angle

contour map of the 4ω probe beam with an Angular Filter Refractometer (AFR) [116].

In the AFR images, certain bands of refraction angles are blocked by the filter made

of concentric opaque rings on the Fourier plane of the 4ω probe beam imaging system.

Because the refraction angle is proportional to the transverse gradient of the accumulated

phase of the probe beam traversing through the plasma, the electron density profile can

be calculated with cylindrical symmetry assumption since the refractive index is related

to the plasma density. With these refraction angle contour maps, the 4ω AFR diagnostic

can measure electron densities up to 1021 cm−3. [116]

Figure 5.2(b) shows the experimentally measured AFR image (green and yellow)

captured at 4.0 ns overlapped by the red contour of a synthetic AFR image. The synthetic

AFR image was simulated by the AFR imitation program based on the simulated density

profile as shown in Fig. 5.2(a). The synthetic AFR image agrees with the measured AFR

image in the experiment. The AFR images captured right after the main interaction beam

(at 2.5 ns for UV and 1.6 ns for IR) were also compared to the corresponding synthetic AFR

images. Both synthetic AFR images agree well with the experimental images except for

the region where the main interaction occurs. For example, Fig. 5.6(b) and Fig. 5.4 show

that the plasmas were strongly perturbed by the high-intensity UV and IR beams.
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The agreement between the synthetic and measured AFR images at various times

provides us with confidence in the FLASH simulated plasma conditions for our experi-

ments. Fig. 5.2(c) shows the simulated electron density and temperature profiles along

with the target normal axis at 1.5 ns (before the high-intensity IR and UV interaction

beams), 2.5 ns (at the end of the high-intensity UV interaction beam), and 4.0 ns. These

density profiles can be fitted with a simple exponential function in the nc/10−nc/4 region:

ne = n0 exp(−x/Ln), (5.1)

where x is the distance from the target surface, and Ln is the density scale length. For the

IR interaction laser incident at 1.5 ns, the plasma had Ln ∼ 380 µm and Te ∼ 1.2 keV in

the IR’s nc/10−nc/4 region (1.0×1020–2.5×1020 cm−3). For the UV interaction laser from

1.5 ns to 2.5 ns, the plasma had Ln ∼ 330 µm with Te ∼ 1.8 keV in the UV’s nc/10−nc/4

(0.90×1021 cm−3 −2.25×1021 cm−3) region. These plasma parameters are summarized

in Table 5.1. These plasma length scales are one-two times larger than previous OMEGA

spherical experiments [56, 46] but similar to the length scale of the previous planar exper-

iment with ∼1015 W/cm2 lasers [41] and close to the predicted scales in the SI designs for

NIF [25].

5.4 Experimental Results

5.4.1 Measurement of the hot electron temperature and total en-

ergy

The temperature and total energy of the hot electrons generated by the UV or IR in-

teraction beam were inferred from the bremsstrahlung x-ray spectra measured by BMXSs.

The first 8 layers of Image Plates (IP) dosimeters in the BMXS recorded x-ray signal with
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the energy range from 17 keV to 180 keV. This sufficiently covers the bremsstrahlung

x-ray emission produced by the hot electrons with a temperature < 100 keV. Figure 5.3

shows the sample measured doses in the IP dosimeters of the BMXS at 25◦ off the target

back normal as well as the synthetic BMXS doses fitting these measured doses. To extract

the temperature and total energy of the hot electrons from the measured bremsstrahlung

spectra, we fit the synthetic BMXS doses to the measured signals. These synthetic doses

were simulated by using Monte-Carlo code ITS-3.0 [70] to calculate the emitted x-ray spec-

trum from the target as well as the BMXS IP detectors’ response to these x-rays. To model

the target emission for any electron spectrum, we injected 81 narrow spectral bins of hot

electrons logarithmically spaced from 10 keV to 100 MeV and recorded the emitted x-ray

spectra at different target lines of sight. The target absorption of the x-rays is considered

in ITS-3.0. These simulations were performed with a compressed target profile from the

1D HYADES simulation with SESAME EOS tables, in which the laser energy was scaled

down by 50% to compensate for the lack of the transverse expansion. With this scaled

energy, the simulated coronal plasma profile is consistent with the 2D FLASH simulation.

The hot electrons were injected normal to the target in the ITS calculations with a 1D

relativistic Maxwell-Jüttner energy distribution,

f (E)∝
(
1+ E

mec2

)[(
1+ E

mec2

)2
−1

] d−2
2

e−E/Thot (5.2)

where E is the hot electron kinetic energy, mec2 is the rest energy of an electron (0.511

MeV), d is the dimension (chosen as 1) and Thot is the hot electron temperature. For the

high-intensity IR laser interaction experiments (1.0 kJ and 2.5 kJ cases), this directional

beam assumption is supported by the observed small Cu Kα spots recorded by the SCI

diagnostic (470±10 µm full-width-half-max) which are similar to the sizes of the spread

laser spots (410 µm for the 1.0 kJ IR as shown in Fig. 5.4 and 670 µm for the 2.5 kJ
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Table 5.1: Laser and plasma parameters, and the generated hot electron temperature
(Thot) and the energy conversion efficiency (Ehot/EL). Thot and Ehot/EL are the weighted
averages of the best fitting parameters for each BMXS. The doses due to the plasma
creation beam have been subtracted for the analysis of the interaction beam produced
hot electrons. Te and Ln are the plasma electron temperature and density length scale
in the nc/10–nc/4 region from the FLASH simulations. The errors are the change of
the temperature and the length scale in this region. The intensities were calculated
according to the AFR-measured spot size at the nc/4.

Laser energy Intensity (1015 W/cm2) Te (keV) Ln (µm) Thot (keV) Ehot/EL
6.4 kJ UV 0.4 1.8±0.1 330±40 24±3 0.7±0.2%
1.4 kJ UV 10 1.8±0.1 330±40 27±9 0.8±0.7%
1.0 kJ IR 5 1.1±0.1 450±20 65±9 2.7±0.5%
2.5 kJ IR 5 1.2±0.1 380±30 87±10 2.4±0.4%

IR [127]). In addition, the Cu layer is ∼1 mm away from the source of the hot electrons

produced by TPD and/or SRS, which can only occur in the ne ≤ nc/4 region. In our experi-

ments, the beam divergence cannot be characterized by quantifying the anisotropy of the

x-ray emissions, since the x-ray emissions induced by the low energy electrons are close

to isotropic.

We fit the synthetic x-ray doses on IPs to each BMXS separately and average the

two sets of fitting results to infer the Thot and the Ehot/EL as listed in Table 5.1. To fit

these synthetic doses to the measured BMXS signals, we tuned Thot and Ehot of the hot

electron spectrum to minimize the weighted, reduced (per degree of freedom) χ2 value as

described in Ref. [69]. Fig. 5.3 illustrates the experimental 25◦ BMXS x-ray doses on each

IP (points) and their best fitted synthetic doses (lines). The confidence intervals for each

fitting is calculated by error propagation. Then we combined the confidence intervals of

each fitting with the differences of the two sets of fitting results to calculate the confidence

intervals of the averaged fitting results as listed in Table 5.1.

Both the plasma-creation lasers and the high-intensity UV laser generated Thot ∼
25 keV hot electrons. In Fig. 5.3, the 25◦ BMXS spectrum from only the 6.4 kJ low-
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Figure 5.3: Hard x-ray energy doses on the phosphor layers in the 25◦ BMXS IPs. Points
represent the experimental total doses, and lines are the synthetic doses from Monte
Carlo simulations, which fit the 25◦ BMXS doses. The temperature and the beam energy
in those simulations are labeled. The first components are the hot electrons in the refer-
ence experiments with only the plasma creation beams. The second components are the
hot electrons from the interaction lasers. The inferred electron beam energy of the 1.8
kJ UV plasma creation laser have a large uncertainty 170% due to this low temperature.
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intensity UV lasers (hollow blue circles) can be fitted for the hot electrons with Thot =
25±5 keV and a total energy of 45±20 J (dashed blue line). With the additional 1.4 kJ high

intensity UV interaction beam injected, the x-ray doses in each IP rose by 28%–47% shown

as the blue dots in Fig. 5.3. These increased doses can be fitted by a 11±15 J, 28±15 keV

hot electron beam. Averaged the fittings for both BMXS results, Thot = 27±9 keV and

Ehot/EL = 0.8±0.7% as listed in Table 5.1. These large uncertainties are due to the low

signal increase compared with the uncertainty of the doses from the 6.4 kJ UV lasers.

Compared to the UV interaction laser, the 2.5 kJ IR interaction laser created

higher temperature hot electrons (Thot = 87±10 keV) with higher energy conversion ef-

ficiency Ehot/EL = 2.4±0.4%. The x-ray doses induced by the 6.4 kJ UV lasers have been

subtracted in these fittings. Besides the 1D Maxwell-Jüttner distribution, we have also

tested the spectrum of the exponential energy distribution with the same spectral bins

(10 keV–100 MeV), which suggests Thot = 75±9 keV and Ehot/EL = 2.2±0.4%. The two-

temperature spectrum was also tested; however, in the best fit, the two components have

the same temperature.

The hot electron generation from the IR interaction laser is sensitive to the laser

intensity. A low-intensity (∼1.5×1015 W/cm2) 0.7 kJ IR interaction laser only raised the x-

ray doses on BMXS by ∼10% which are in the range of the uncertainties of the dosimeters.

If we assume Thot = 25 keV, the fitting resulted in Ehot/EL ∼ 0.7%, similar to that of the UV

plasma creation lasers. In this experiment, the AFR image shows no clear perturbation.

Since the 0.7 kJ IR laser was focused with the same spot size (300 µm) at nc/4 as the

2.5 kJ IR laser, we expect the beam would spread to 670 µm as the 2.5 kJ laser, resulted

in this ∼1.5×1015 W/cm2 low intensity. This low intensity may explain the inefficient hot

electron generation measured in the experiment. When we increase the laser intensity by

focusing the laser to a nominal 60 µm spot in the 1.0 kJ IR laser experiment, this IR laser

created an electron beam with Thot = 65±9 keV and Ehot/EL = 2.7±0.5% similar to the 2.5
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Figure 5.4: AFR image of the 1 kJ IR shot. The original 60 µm laser spot spread to a
410 µm wide interaction region. The dashed and solid red lines represent the IR’s nc/10
and nc/4 positions of the plasma, respectively.
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kJ IR experiment. This laser spot spread to 410 µm, as shown in Fig. 5.4, resulted in a

∼5×1015 W/cm2 actual intensity similar to the 2.5 kJ laser. The plasma in this experiment

has similar parameters (Ln = 450 µm and Te = 1.1 keV) which was created by a 1.8 kJ

2-ns 2×1014 W/cm2 UV laser before the incidence of the IR interaction laser at 1.5 ns.

In this analysis of the IR-induced hot electrons’ characteristics, we subtracted the x-ray

doses induced by the 1.8 kJ UV laser, which was scaled down linearly from the doses in a

reference experiment with a 2.0 kJ UV laser. Figure 5.4 also shows strong perturbations

in the ne ∼ 0.1–0.25 nc region which induced the missing band at y∼ 1 mm. This location

indicates that the strong density perturbation is induced by SRS and/or TPD.

5.4.2 Hot electron induced Cu Kα emission

Besides the bremsstrahlung signal, the measured Cu Kα radiation also indepen-

dently demonstrate the generation of hot electrons from both UV and IR interaction lasers.

Hot electrons with energies higher than the Cu K-shell binding energy (8.98 keV) reaching

the Cu layer can produce Kα x-rays. Figure 5.5 displays the Cu Kα yields as a function

of the main interaction laser beam energy, which are the total yields subtracted by the

yield of the UV background shot, with target transparency corrected assuming a uniform

emission. The yield induced by the 1.0 kJ IR was calculated by subtracting the yield of

the 2.0 kJ low-intensity UV laser. Since in this 1.0 kJ IR experiment, the ZVH was placed

at the laser side, but in other experiments, the ZVH was placed at the back of the tar-

get, the assumption of the uniform emission may cause the overcorrection of the Cu layer

transparency. This potential overcorrection is plotted as the negative 50% uncertainty

in Fig 5.5. For reference, the 6.4 kJ UV plasma creation beams produced hot electrons

which resulted in 7.8±1.6×1011 photon/sr of Cu Kα yield. The linear scaling of the 6.4 kJ

UV laser is shown as the blue dashed line, in which the slope is its yield divided by the

incident laser energy, 1.2×1011 photon/(sr·kJ).
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Figure 5.5: Cu Kα yield induced by the interaction beam versus the interaction laser
energy with target transparency corrected. The UV plasma creation laser components of
the Cu Kα were subtracted from the original results. The dashed blue line represents the
linear yield scaling with the energy of the UV plasma creation lasers. The slope of the
dashed line is the Cu Kα yield induced by the UV plasma creation lasers (7.8×1011 pho-
ton/sr) divided by the laser energy (6.4 kJ). The red solid line represents the linear yield
scaling of the 2.5 kJ IR laser in which the slope is the Cu Kα yield induced by the IR laser
(2.9×1012 photon/sr) divided by the 2.5 kJ laser energy. The uncertainty in the plot is the
5% random error induced by the ZVH’s alignment uncertainty. The large negative error
(50%) for the 1.0 kJ IR is due to potential overcorrection of the target transparency since
the ZVH was placed at a different line-out-sight in this experiment. The 20% systematic
uncertainty of the yield calibration was not plotted.
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The UV interaction laser produced Cu Kα with higher yield per laser energy than

the plasma creation lasers, shown in the Fig. 5.5 as the solid blue point (2.7×1011 pho-

ton/sr) compared to the blue dashed line. The increased ZVH signal induced by this high-

intensity UV laser is beyond the ZVH’s alignment-induced random error (5%). The yield

in unit laser energy is also 70% higher than that from the plasma creation UV lasers.

This increase of the yield in unit laser energy is consistent with the increase of the beam

temperature and the energy conversion efficiency from laser to hot electrons discussed in

Sec. 5.4.1.

Enhanced generation of hot electrons from the IR interaction laser is also con-

firmed by the measured Cu Kα x-rays. In Fig. 5.5, the solid red square and diamond

points are from the 2.5 kJ and 1.0 kJ IR laser respectively, the same experiments dis-

cussed in Sec. 5.4.1 with the interaction intensity at 5× 1015 W/cm2. The overlaid red

solid line is the linear scaling of the 2.5 kJ IR laser, in which the slope is the Cu Kα yield

per unit IR laser energy as 1.2×1012 photon/(kJ·sr). This is six times of the yield per

unit laser energy from the UV interaction laser. The yield induced by the 1.0 kJ IR is

also consistent with the linear scaling. This IR-induced increase in the Cu Kα yield is

also consistent with the higher hot electron energy coupling and the higher hot electron

temperatures as shown in Table 5.1. In the ITS simulations fitting the BMXS spectra, the

simulated Cu Kα yield in the 2.5 kJ IR shot is also 6 times as much as the simulated yield

of the 1.4 kJ UV shot. Compared to the ITS simulations, the measured Cu Kα yields are

36% (1.4 kJ UV) and 40% (2.5 kJ IR) less than the simulated yields, which are within the

error of the ZVH’s absolute calibration (20%) [110] and the BMXS’s fitting errors listed

in Table 5.1. In addition, this lower Cu Kα emission may also be due the effect of the

resistive electrostatic field and the magnetic field around the beam. This field effect is not

considered in the ITS simulations.

In contrast to the high-intensity IR cases, the low-intensity IR beam (red circle)
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produced Cu Kα with a similar efficiency to the UV plasma creation beams. This also

agrees with the analyses of the bremsstrahlung spectra, since they indicate that this low-

intensity IR laser and the UV plasma creation beams produced hot electrons with the

same temperature and the same efficiency.

5.4.3 Refraction of the UV interaction beam in the underdense

plasma

The observed weak coupling of the UV interaction laser to the target via hot elec-

trons may be caused by the refraction of the laser light in the plasma, as shown in the

AFR and the x-ray images in Fig. 5.6. Due to the laser configuration limitation in the

OMEGA EP chamber, the high-intensity UV beam was incident at 23◦ off the target nor-

mal. The bent channel created by the refracted laser is shown in the AFR image in

Fig. 5.6(b). Resonance absorption might occur in this turning point, since the x-ray im-

age in Fig. 5.6(a) shows a bright dot in the bottom right, which is 270 µm away from the

center of the plasma. The spot location agrees with the channel in the AFR image. The

laser deflection can be induced by the ponderomotive force piling up the plasma in a trans-

verse flow. [143] This phenomenon has also been observed in the experiments on NOVA

[144, 145] and LULI-6F [36]. A refined OMEGA EP experiment with normal incident UV

laser is shown in Ch. 4 and Ch. 6, in which a stable and narrow channel consistent with

the f /6.5 UV beam focusing geometry was created along the high intensity UV beam axis

(the target normal axis). This normal incident laser converted more energy (∼2%) to the

hot electrons primarily produced by SRS. It should be noted that, the strong refraction ob-

served in the planar geometry with the oblique incident laser might also inhibit the laser

energy absorption in spherical geometry, especially if large spot lasers were overlapped to

reach the required 1016 W/cm2 high intensity.
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Figure 5.6: (a) X-ray image captured by x-ray pinhole camera showing the refracted UV
laser illuminated bright x-ray spot 270 µm away from the plasma center (bottom right
of the spot). The scale bar is the spot size of the plasma creation beam. (b) AFR image
showing a bent channel generated by the UV interaction beam. The purple arrow shows
the direction of the interaction UV laser.
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5.5 Discussion and summary

The hot electrons generated by the IR lasers with Thot < 100 keV could be useful

for electron shock ignition, which is a shock ignition design using the hot electrons to

generate the required 300 Mbar ignition shock. [50] During the spike laser, these hot

electrons would be stopped by a compressed layer of CH ablator or the outer layer of the

DT fuel. Their average stopping range is 22–50 mg/cm2 in DT or 5–12 mg/cm2 in CH

[49], which means a high-pressure shock can be formed in this 5–50 µm thin layer at the

surface of the compressed capsule (ρ ∼ 10 g/cm−3), as suggested in an analytical model.

[48, 47] This model also shows that the peak pressure only depends on the electron beam

intensity and the density of the compressed layer stopping the electrons, which indicates

that with the higher conversion efficiency, the IR laser can have a lower intensity than

the UV laser to generate the same high pressure. However, with the higher hot electron

temperature, IR shock ignition would need a longer stopping range and consequently, a

longer shock loading time, which is proportional to the stopping range. The loading time

can be shortened by using a thicker CH layer to stop these hot electrons.

Compared with previous experiments, our experiments with a single high-intensity

UV laser interaction beam shows a lower conversion efficiency but similar low tempera-

ture as the previous experiments when the UV laser is tightly focused to ∼8×1015 W/cm2.

[56, 146] This low temperature suggests that these hot electrons might be generated

by SRS or resonance absorption. Our experiments and particle-in-cell simulations have

also shown that stimulated Brillouin scattering in this large plasma can block the high-

intensity laser from reaching the nc/4 region. [131] The previous IR experiments on PALS

[147] have observed a similar ∼90 keV hot electron component with ∼2% of energy conver-

sion efficiency and a ∼40 keV component with ∼4% conversion efficiency. However, that

experiment was conducted with a single IR beam (∼700 J in an ∼300 ps full-width-half-

max Gaussian pulse) interacting with the self-generated plasma (Ln < 150 µm), which
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may induce the discrepancy between that experiment and our experiment. To determine

the source of the hot electrons in the IR experiments would require a spectral resolved

scattered light measurement.

In summary, we have demonstrated experimentally for the first time hot electrons

generation with multi-kilojoule laser energies at shock ignition high intensities in the

planar geometry using both UV and IR lasers in a large-scale plasma. Inferred from

the measured bremsstrahlung spectra, the high-intensity IR laser produced hot electrons

with higher temperature (60–90 keV) and ∼2.5% energy conversion efficiency higher than

those hot electrons from UV interaction beam (27±9 keV, 0.8±0.7%). This wavelength

dependence is also shown by the measured Cu Kα yield. Besides the wavelength depen-

dence, our experiments also show that the hot electron generation is sensitive to the laser

intensity and incidence angle. With the more efficient hot electron generation and the

demonstrated moderate hot electron temperature, IR lasers could be considered as the

spike pulse for the electron-assisted shock ignition. More experiments will be required to

further study laser–plasma instabilities and the resulting hot electron generation as well

as the hot electron energy deposition in the spherical geometry.

This chapter is a reprint of the publication: “Experimental Study of Hot electron

Generation in Shock Ignition Relevant High-intensity Regime with Large Scale Hot Plas-

mas”, S. Zhang, C. M. Krauland, J. Peebles, J. Li, F. N. Beg, N. Alexander, W. Theobald, R.

Betti, D. Haberberger, E. M. Campbell, R. Yan, E. Borwick, C. Ren, and M. S. Wei, Physics

of Plasma 27, 023111 (2020). The dissertation’s author is the primary investigator and

author of this paper.
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Chapter 6

Generation of Collimated Moderate

Temperature Electron Beam and

Laser–Plasma Interaction for

Megajoule Shock Ignition

6.1 Introduction

As discussed in Sec. 2.5.2, simulations and analytic models suggest that hot elec-

trons created from laser–plasma instabilities (LPIs), such as stimulated Raman scatter-

ing (SRS) [38] and two-plasmon decay (TPD) [39], can effectively generate this “ignition

shock” [47, 48, 49]. The experimental platform where laser parameters are designed to

optimize electron production for this purpose is called electron shock ignition [50]. Refer-

ence [50] suggests that 10−40 kJ of hot electrons in 200 ps can generate the full-scale igni-

tion shock, citing the hot electron measurement from the reduced-scale experiments [46,

45]. This calculation assumes that Thot is independent of laser intensity and electron
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beam intensity scales linearly with laser intensity, the authors conclude that ∼1016 W/cm2

lasers would produce the required hot electrons. However, many experiments [56, 41, 42,

58, 148] indicate that LPIs, Ehot/EL, and Thot are sensitive to laser and plasma condi-

tions. In order to evaluate the feasibility of electron shock ignition, experimental studies

were performed to characterize the properties of the hot electrons and the relevant laser–

plasma instabilities in the full-scale conditions.

This chapter presents the experimental setup, the measurement of the hot electron

divergence, and the diagnose of the LPI-induced plasma perturbations. Independent of

wavelength, the laser pulses produce small divergence and moderate temperature hot

electron beams as observed from a buried fluorescence layer. This directional electron

beam and the observed plasma density perturbations suggest that the hot electrons are

mainly generated by SRS. Corresponding Particle-in-Cell (PIC) simulations support these

data. Based on the characterization, electron shock ignition would be feasible when 0.8 ns

310 TW IR or 0.3 ns 540 TW UV spherically symmetric lasers are used to generate the

ignition shock.

6.2 Experimental setup

We performed the experiments on the multi-kilojoule OMEGA EP laser facility [68]

at Laboratory for Laser Energetics. To produce a surrogate shock ignition coronal plasma,

2−6 kJ UV lasers irradiate the CH coated side of a disk target, shown in Fig. 6.1(a). We

use distributed phase plates to focus a 750 um uniform spot. After this large scale plasma

is created, a 1−2×1016 W/cm2 pulse is injected into the plasma with a 100−300 µm fo-

cal spot at the corresponding laser wavelength’s quarter critical density contour surface.

This location is based on radiation hydrodynamic simulations using FLASH [123, 128]

with PROPACEOS EOS table and have been benchmarked with experimental Angular
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Bremsstrahlung X-ray
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(b)
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Hot e-’s

Figure 6.1: Experimental Setup and the 2 type of targets used to characterize hot elec-
trons from 1016 W/cm2 IR and UV lasers in hot and large plasmas. (a) is the setup with
the 3-layer 5 mm diameter disk as our primary target; (b) is the secondary target, a Cu
foam cylinder is attached on a 25 µm CH ablator to visualize the hot electron spatial
energy deposition.
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Figure 6.2: Probe and Cu Kα images from the shot with 100 ps IR laser. z is the
distance from the target original surface. (a) 4ω Angular Filtration Refractometry (AFR)
image, which was taken 60 ps after the IR laser power peak; (b) probe beam deflection
potential as Eq. (6.1), inverted from the shadowgraphy image [120], zoomed into the
region of interaction and filamentation; (c) the Cu Kα image and the lineouts cross the
center; solid line is from the IR shot, the dotted line is the background shot with only UV
plasma creation beams (6.4 kJ, 3×1014 W/cm2).

Filter Refractometry (AFR) data [116, 126]. The 200 ps IR beam experiments used a

1.0 kJ and a 1.3 kJ 100 ps pulse that were overlapped in space but stacked sequentially in

time. Limited by the facility, the shortest UV pulse is 1ns with 1.25 kJ energy. As seen in

Fig. 6.1(a), a 5 mm diameter 3-layer disk target is used as the primary target in our exper-

iments. The buried Cu serves as a tracer layer for hot electrons as they produce fluoresced

Cu Ka line emission that we image with a spherical crystal imager (SCI) [109]. The distri-

bution of the observed Kα emission gives a bound for the electron beam divergence. The

Al layer that tamps the Cu layer can further stop the hot electrons and inhibit the elec-

tron refluxing. In order to image the penetration of the hot electrons and quantify their

preheat in front of the shock, some of UV interaction shots use a target with 1.1 g/cm3

Cu foam cylinder attached on the rear side of the ablator, shown in Fig. 6.1(b). In all

shots, the Bremsstrahlung spectra in the range of 17 keV to 185 keV are diagnosed by the

first 8 image plates in Bremsstrahlung MeV X-ray Spectrometers (BMXS) [69] from two

different target lines of sight. The density profile of laser–plasma interaction is captured

by AFR and shadowgraphy with the use of a 4ω probe laser. The orientation of this probe

can be seen in the experimental configuration cartoon of Fig 6.1(a).
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Table 6.1: Plasma and laser parameters in the experiments, the generated hot electron
temperature, and the energy conversion efficiency from laser to hot electrons. Te and Ln
are from FLASH simulations at the time in the middle of the interaction lasers. IL is
the vacuum intensity at quarter critical surface. IL,AFR is the sprayed beam intensity
considering the AFR measured spot size on nc/4.

200 ps IRs 100 ps IR 1 ns UV
Te (keV) 1.5 1.4 1.5
Ln (µm) 360 450 300
IL (W/cm2) 2.0×1016 2.0×1016 1.0×1016

IL,AFR (W/cm2) 2.3×1015 5.6×1015 1.0×1016

IL,AFRλ
2 (W cm−2µm2) 2.5×1015 6.2×1015 1.1×1015

Thot (keV) 70±8 90±10 45±5
Ehot/EL 3.5±0.7% 2.4±0.5% 2.0±0.4%
Average Divergence < 11◦ < 11◦ < 22◦

6.3 Hot electron temperature and energy

The bremsstrahlung spectra show that both IR and UV lasers produce hot elec-

trons with moderate temperatures (45− 90 keV) and high energy conversion efficiency

2.0−3.5%, as seen in Table 6.1. The hot electron temperature and the total energy were

inferred by fitting the simulated bremsstrahlung x-ray spectra to the diagnosed spectra

from two BMXSs. We used Monte Carlo code ITS 3.0 [70] to simulate both the target x-ray

emission and the x-ray doses on image plates in BMXSs. In these simulations, the elec-

tron beams were assumed to be collimated and have a 1-D relativistic Maxwell–Jüttner

distribution. The 200 ps IR pulse performed better than the 100 ps IR pulse in generating

the hot electrons for electron shock ignition, since the lower Thot and higher Ehot/EL are

preferred [48]. The lowering of Thot from 90 keV to 70 keV would reduce the hot electron

stopping range in the DT fuel from 49 mg/cm2 to 30 mg/cm2 and consequently reduce

the required beam energy. Compared to the IR lasers, the high intensity UV generated

hot electrons with even lower temperature (45±5 keV) but lower energy conversion effi-

ciency (2.0±0.4%). These lower Th and Eh/EL are expected since the UV laser has a lower
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ILλ
2 ∼ 1.1×1015 Wcm−2µm2, which is only 18%−44% of the ILλ

2 in IR, see Table 6.1.

Although the UV energy coupling is not as high as IR, the lower Thot in UV can short

the required pulse length for the shock generation. The required laser powers and pulse

durations for the shock formation will be discussed later in this chapter.

6.4 Hot electron beam divergence

The AFR and Cu Kα images show that all the hot electron beams from either IR or

UV lasers are collimated. The AFR image from the 100 ps IR shot, as seen in Fig. 6.2(a),

shows a plasma perturbation region at ∼1 mm above the target surface, which agrees with

the SRS’s location. This strong SRS suggests that it can be the main mechanism for the

hot electron generation. From Fig. 6.2(c), Cu Kα emission is concentrated in a spot with

470±10 µm FWHM, which is 30% smaller than the diameter of the perturbation region.

A similar sized perturbation region and Cu Kα spot were also observed in the 200 ps IR

experiments. Similarly, the UV’s Cu Kα spot size (fig. 6.3(b), FWHM = 100±10 µm) is

also approximately equal to the laser’s focal spot size. If we consider the distance from

the perturbation region to the target, 1 mm in IR shots and 300 µm in UV shots, only

well collimated beams can produce these small Cu Kα spots. This beam collimation also

agrees with the direction of the plasma waves in SRS.

This small beam divergence also suggests that most of the electrons generated by

the UV and IR lasers can be collected by the compressed fuel in electron shock ignition. As

seen in the SCI image from the IR shot, Fig. 6.2(c), 95% of the Cu Kα signal is concentrated

in a 280 µm radius spot, smaller than the 350 µm radius of the compressed fuel during

the spike pulse [36]. It suggests that the compressed capsule can collect >95% of the hot

electrons. For the UV shot, 95% Cu Kα signal is concentrated in a 200 µm radius spot.

The average divergence angle of the electron beam is 22◦ when we assume electron beam
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is from a point source at the UV nc/4 (z = 250 µm). With this small divergence, minimum

84% of the hot electrons generated at UV nc/4 surface (rnc/4 = 900 µm) can be collected by

the compressed target.

6.5 Observed laser filamentation

Besides the observed SRS, the IR laser also sprayed into filaments during the in-

teraction. The AFR image Fig. 6.2(a) shows that the width of the plasma perturbation

region is 2.2 times as large as the vacuum IR spot size (300 µm) at nc/4. This wider inter-

action region is likely due to the laser filamentation in the low density plasma. The laser

power in one speckle (Ps) is 4 GW, 24 times as high as the filamentation critical power

Pc [95, 149], which is 165 MW at nc/4 where Te ∼ 1.4 keV. Similar to our experiment,

a 4 times enlarged laser spot was found in previous shock ignition relevant experiment

where Ps/Pc ∼ 23 [79]. This beam spraying would reduce the average IR intensity at nc/4

from 2.0×1016 W/cm2 to 5.6×1015 W/cm2 as shown in Table 6.1 and affect the LPIs. The

reduced intensity is considered in our PIC simulations. In addition to this AFR image,

the 4ω shadowgraphy captured the laser filamentation in the ne > nc/4 region. Fig. 6.2(b)

shows the deflection potential map inverted from the shadowgraphy image. The deflection

potential Φ can be expressed as

Φ≈ e2

meϵ0ω
2
p

∫
ne(x, y, z)dz, (6.1)

where ωp is the probe beam angular frequency and z axis is along the direction of the

probe beam. This shadowgraphy inverse process is based on Ref. [120, 122]. The deflection

potential map shows several plasma channels along the laser direction. These channels

are 50 µm wide on average with a typical density depth δne on the order of 1020 cm−3.

This density depth implies that the laser intensities in the channels are 2−6×1015 W/cm2
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Figure 6.3: The results of the UV interaction experiments: (a) AFR image captured
after the interaction of the high intensity UV laser; (b) Cu Kα image of the Cu foam
target. White lines mark the target profile.

higher than that out of the channels [95], which are on the same order of the sprayed

beam intensities (IL,AFR’s in Table 6.1).

In contrast to the laser spraying in IR shot, the AFR image of the UV interaction

shot, as shown in Fig. 6.3(a), shows that the UV laser created a single straight channel

in the plasma. This may be explained by the weaker ponderomotive force of the UV laser

which can mitigate the self-trapping effect. In the UV experiment, the laser speckle power

at nc/10 is ∼1 GW, and the Ps/Pc is about 2, which is much lower than the ratio in the IR

case. Inside the channel, the plasma was perturbed from nc/100 (z = 1.4 mm) to nc/4 (z =
0.25 mm) region. This density perturbation suggests that, with large scale corona, LPIs

can happen in much lower density region than that shown in reduced-scale experiments,

in which only SRS from ne > nc/10 region was detected [46].
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6.6 PIC simulations

We used 2D PIC code OSIRIS [150] to model the laser–plasma instabilities and hot

electron generation in the experiments. Simulations were performed with both IR and UV

beams in the time scale of 6-8 ps, and the initial physical parameters were obtained from

FLASH hydro simulations. For the simulation with IR beam, the exponential density

profile ranges from 0.1− 0.3 nc with a scale length of ∼ 380 µm. The electron and ion

temperatures are 1.2 and 0.28 keV, respectively. For the simulation with the UV beam,

the plasma density is between 0.14 and 0.28 nc with an exponential profile and scale

length of ∼ 230 µm at nc/4 surface. The electron and ion temperatures are 1.6 and 1 keV.

The incident lasers are plane waves for both simulations with intensity I = 1×1016 W/cm2

for IR and I = 5×1015 W/cm2 for UV. In the simulations, we diagnose the space and time

evolution of the LPI modes, and the hot electrons from both inside the simulation domain

and crossing the boundaries.

In both simulations, TPD occurs only transiently near the nc/4 surface and is

rapidly suppressed by strong pump depletion due to SRS and SBS in the region with

density below 0.2nc. In the UV simulation, TPD generates a negligible amount of hot elec-

trons. In the IR simulation, the hot electrons generated by TPD and SRS have different

divergence angles. Figure 6.4(a) shows typical angular distributions of the hot electrons

(with energy above 50 keV) from only SRS and from both TPD and SRS. The hot electron

angles are significantly different between FWHM = 38◦ for only SRS and FWHM = 70◦

when hot electrons generated by TPD were mixed with those from SRS. This shows a

much larger divergence angle of hot electrons from TPD compared to those from SRS, as

a result of their respective dispersion relations. The TPD modes grow mainly on the TPD

hyperbola in the wave vector space [18] and can have high transverse wave vector with

deviation angles of ∼ 45◦ to the laser wave vector. By comparison, the SRS modes with

highest growth rates are directly backscattered SRS along the laser incidence direction.
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Therefore, the hot electrons generated by these oblique TPD modes have a much larger

angle than those accelerated by directional SRS modes.

The accumulated angular and energy distributions of the hot electrons are shown

in Fig. 6.4(b). Both the UV and the IR simulations show similar angular spread with

FWHM∼ 60◦ and with average angle ∼ 22◦, which approximately agree with the experi-

mental results. The similarity between the two simulations agrees with the experimental

results that the hot electrons from both UV and IR experiments show similar collimated

feature. The hot electron energy spectra are demonstrated in Fig. 6.4(c). The spectra from

both IR and UV have two-temperature feature with low-energy temperature of ∼ 35 keV

and high-energy temperatures of ∼ 85 keV for UV and 144 keV for IR. This qualitatively

agrees with the higher average hot electron temperature for IR. From these results, we

think that the hot electron generation mechanism in our experiment is mainly SRS.

6.7 Discussion and conclusion

With the measured Thot’s and Ehot/EL’s, either IR or UV can generate the hot elec-

tron beam intense enough to create a 300 Mbar ignition shock for electron shock ignition.

The calculations in Ref. [48, 49] indicate that stopping a hot electron beam in the com-

pressed DT fuel can generate a shock with pressure Ph in loading time th as

Ph ∼ 175 I2/3
0 ρ1/3

0 Mbar, (6.2)

th ∼ 0.11 R0 I−1/3
0 ρ−2/3

0 ns, (6.3)

where I0 is the electron beam intensity in 1015 W/cm2, ρ0 is the averaged compressed

shell density in g/cm3, and R0 is the electron stopping range in mg/cm2. This analytical

model suggests that generating a 300 Mbar shock in a 10 g/cm3 DT fuel would require
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Figure 6.4: (a) The angular distribution of hot electrons from IR simulation inside the
simulation box at 1ps (Blue) when SRS is the only LPI, and recorded at the simulation
boundary during 0.05 ps near 3.65 ps (Red), when hot electrons from TPD ans SRS are
mixed together. (b) The accumulated angular distributions and energy spectra of the hot
electrons for UV (blue) and IR(black) simulations.
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a 7×1014 W/cm2 electron beam on the dense shell. This electron beam needs to have a

11 TW total power in the shock ignition design for HiPER [36], in which the shell was

designed be compressed to rs = 350 µm before launching the ignition shock. According to

the measured Eh/EL’s, to generate this electron beam requires a minimum 540 TW UV

pulse or a 310 TW IR pulse. We can also calculate the required laser pulse lengths with

Eq. (6.3). For Th ∼ 70 keV IR hot electrons, the average stopping range R0 is ∼ 30 mg/cm2

in DT fuel. The required electron beam pulse duration is 0.8 ns. For Th ∼ 45 keV UV-

induced hot electron beams, R0 ∼ 12 mg/cm2, the required pulse duration is 0.3 ns. Based

on the required laser power discussed above, total 250 kJ of IR energy or 160 kJ of UV

energy are required in the spike pulse.

For electron shock ignition with IR lasers, further experiments with nanosecond

IR lasers are necessary, since our experiments have shown that the pulse duration can

affect the hot electron properties. This effect is also observed in some PIC simulations

showing that density perturbations can suppress LPIs [151]. As shown in the AFR and the

shadowgraphy images, Fig. 6.2(a) and (b), the first 100 ps IR pulse has heavily disturbed

the plasma. Consequently, the plasma conditions for the LPIs in the remaining pulse

would be different to those in the first 100 ps. The comparison between the 100 ps and the

200 ps pulses has partially shown the effect, but a nanosecond pulse may further impact

the hot electron generation, which is needed to be experimentally studied.

In conclusion, our experimental hot electron characterization suggests both IR and

UV lasers can generate electron beams capable to launch a 300 Mbar shock for electron

shock ignition. These hot electrons are generated by 1016 W/cm2 lasers in large and hot

plasmas under shock ignition conditions. The hot electrons from IR lasers have a higher

temperature (∼ 70 keV) and higher energy conversion efficiency (∼ 3.5%) than hot elec-

trons produced by UV lasers (45 keV, 2.0%). Both hot electron beams have small diver-

gence, and the PIC simulations suggest they are SRS-generated. Theoretical analyses

107



suggest that high shock pressure in electron shock ignition can be achieved by the hot

electron beams generated from 540 TW UV or 310 TW IR lasers, which are around or

below the limit power of NIF.

This chapter is currently being prepared for submission and publication: “Genera-

tion of Collimated Moderate Temperature Electron Beam and Laser–Plasma Interaction

for Megajoule Shock Ignition”, S. Zhang, C. M. Krauland, J. Li, J. Peebles, F. N. Beg, S.

Muller, N. Alexander, C. Ren, W. Theobald, R. Betti, D. Haberberger, E. M. Campbell, R.

Yan, E. Borwick, J. Trela, D. Batani, P. Nicolai, and M. S. Wei. The dissertation’s author

is the primary investigator and author of this paper.
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Chapter 7

Summary and future work

7.1 Summary

As an alternative inertial confinement fusion scheme, shock ignition is designed to

use a >300 Mbar convergent shock to ignite a pre-compressed fuel capsule. Generating

this strong convergent shock requires the energy deposited by 1016 W/cm2 lasers with a

sub-nanosecond pulse. The energy conversion can be affected by the laser-plasma insta-

bilities (LPIs). Thus, the validation of shock ignition requires experiments to characterize

the energy deposition of the ∼1016 W/cm2 lasers in a large-scale and hot coronal plasma.

This dissertation summarized the first series of experiments for characterizing the shock

ignition-relevant LPIs. These experiments measured the LPI-induced pump-depletion

and the hot electrons. These hot electrons may benefit the shock generation.

The experiments with UV lasers conducted on the OMEGA EP laser facility have

for the first time demonstrated that such instabilities can ∼100% deplete the first 0.5 ns

of the high-intensity laser. Analyses of the observed laser-generated blast wave suggest

that this pump-depletion starts at ∼0.02 critical density and progresses to 0.1–0.2 critical

density, which is also confirmed by the time-resolved stimulated Raman backscattering
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spectra. The pump-depletion dynamics can be explained by the breaking of ion-acoustic

waves in stimulated Brillouin scattering. Such pump-depletion would inhibit the colli-

sional laser energy absorption but may benefit the generation of hot electrons with mod-

erate temperatures for electron shock ignition [50].

The experiments on the OMEGA EP laser facility have also characterized the tem-

perature and total energy of hot electrons generated from a kilojoule-class 100-ps infrared

(IR) or a 1-ns ultraviolet (UV) laser interacting with a large (Ln ∼ 330−450 µm) and hot

(Te ∼ 1−2 keV) coronal plasma at the SI-relevant intensities (∼ 1016 W/cm2). The IR laser

converts ∼2.5% energy into hot electrons with Thot ∼ 60–90 keV, while the UV laser cou-

ples 0.8±0.7% energy into Thot = 27±9 keV hot electrons. The IR-produced hot electrons

yield 5 times higher Cu Kα emission than the UV case, confirming the higher electron con-

version efficiency with the IR laser. The low energy conversion from the UV laser to hot

electrons may be due to the refraction of the off-normal incident laser in the large coronal

plasma. These findings are the first comparisons of hot electron generation between the

IR and UV pulses at kilojoule scales in SI-relevant large-scale plasmas. The findings may

expand the SI design space to include IR lasers as the possible spike lasers.

Simulations predict that laser–plasma-instability-induced hot electrons may be

able to generate the strong shock required in the shock ignition concept [50]. This de-

pends on the electron population and temperature produced during the laser pulse. The

planar experiments described in this dissertation show that the interaction between the

∼1016 W/cm2 IR or UV lasers and the large-scale plasmas generates collimated elec-

tron beams with moderate temperature (45− 90 keV). Particle-in-Cell simulations sug-

gest these collimated hot electrons are generated mainly by stimulated Raman scattering.

This is consistent with the SRS-induced plasma perturbations observed in the experimen-

tal data. The filamentation of the plasma-creation UV lasers may also create azimuthal

magnetic fields guiding the electrons. Based on these results, theoretical calculations sug-
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gest that the required 300 Mbar shock can be created by the hot electrons from 310 TW,

0.8 ns infrared lasers or 540 TW, 0.3 ns ultraviolet lasers. These laser parameters are

around the limits of National Ignition Facility.

7.2 Future work

The generation of the 300-Mbar shock in full-scale conditions still needs to be val-

idated. The experiment has been scheduled in September 2020 to measure the speed of

the shock generated by overlapped UV lasers. The overlapped laser intensity is 1.5×
1016 W/cm2. The lasers are focused 200 µm above the target surface to have a larger

spot size (∼1 mm) for a larger plasma length scale while keeping the high intensity re-

gion near the quarter critical surface. The length scale of the plasma is 220 µm, and

the plasma temperature is 3–4 keV. A larger plasma can be created if a conical target is

used. Experiments on the NIF laser would also provide a direct measurement of the shock

strength.

The >100 keV portion of the hot electrons also needs to be characterized since they

may preheat the fuel. The experiments are planned to use a thicker CH ablator (140 µm)

to stop the low-energy (<100 keV) hot electrons from reaching the Cu layer. By comparing

the Cu Kα generated in this target to that from the 25 µm CH target, we would be able to

quantify the >100 keV portion of the hot electrons.

In addition, the magnetic field generated around the electron beam may also affect

the electron stopping, which is not considered in the analyses of the experiments. The

current of the electron beam is on the order of 10 MA, which is far above the Alfven

current limit of ∼ 17 kA. The rise of the beam current would create an electric field along

the beam driving the return current to neutralize the beam current. However, the electric

field also creates the azimuthal magnetic field, which may grow to kT after a few hundreds
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of ps. The field magnitude is large enough to magnetize the hot electrons near the edge of

the beam. Consequently, the field may pinch the electron beam or create filaments. This

field-effect can be simulated with a hybrid or implicit PIC code.

The theoretical analysis of the ion-acoustic wave breaking model discussed in Ch. 4

also needs simulations or experiments for validation. The regular PIC simulations are

not suitable to describe this nanosecond scale dynamic. However, a hybrid PIC code [136]

with a fluid electron model and a pondermotive force model or a PIC code with reduced

ion mass may be useful to simulate the SBS saturation properly. If these simulations

can reproduce the observed dynamic pump-depletion, then it can be extended to simulate

the pump-depletion in a higher-temperature plasma which is closer to a full-scale shock

ignition condition.
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