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Abstract 

  In direct-drive inertial confinement fusion (ICF), a spherical target is 

imploded by overlapping laser beams to compress and heat DT fuel to conditions 

necessary for efficient thermonuclear burn.  The Rayleigh-Taylor instability (RTI) is 

of primary concern in ICF, as it can cause initial areal-density (ρR) perturbations to 

grow, leading to shell degradation and quenching of the hot spot necessary to achieve 

ignition of thermonuclear fusion. This work addresses two RTI concerns relevant to 

achieving ignition in ICF; measurement of RTI growth in cryogenic D2 targets and 

the effect of ablators of different atomic numbers (Z) on RTI growth rates using 

plastic (CH) and glass (SiO2) targets.  In these experiments, the temporal evolution of 

2-D areal density (ρR) modulations is measured using face-on X-ray radiography.  

Measured RT growth rates in D2 showed reasonable agreement with 2-D 

hydrodynamic simulations indicating reduced growth in D2 compared to CH, as 

predicted by theory.  This result is crucial to ignition target designs using cryogenic 

DT ablators.  The effect of thin ablators with different Z’s on CH and SiO2 targets at 

varying drive intensities showed inconsistencies between the measured modulation 

growth and the 2-D hydrodynamic simulations at peak intensities of 1015 W/cm2 for 

targets with CH ablators due to hot electron preheat.  Understanding preheat for 

ablators of different Z’s is critical to achieving ignition in ICF; this work explores the 

impact of hot electron generation on the RTI at conditions relevant to ignition.   
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1. Introduction to Inertial Confinement 

Fusion (ICF) 

 

1.1 Nuclear Energy 

 Nuclear physics is the study of the makeup and interactions of atomic nuclei.  

It has applications to nuclear weapons, energy, and other areas of physics, such as 

medical and material science.[1-3]  The principle behind the energy released by 

nuclear reactions is rooted in Einstein’s famous equation, 

 2 ,E mc=  (1.1)

where m is the mass of a particular sample, c is the speed of light, and E is the 

material’s energy equivalence.[1,4] In simple terms, this equation allows for the 

conversion of mass into energy and vice versa.  Einstein’s equation is demonstrated 

by two nuclear processes – nuclear fission, the process of splitting a nuclei into 

smaller parts, and nuclear fusion, the process of combining two nuclei into a single 

nuclei.  Both of these processes have the potential to efficiently convert mass into 

energy; the binding energy per nucleon for the species determines which process is 

energetically favorable.[1]  The binding energy is equivalent to the total mechanical 

energy required to disassemble a nuclei into unbound protons and neutrons and is a 

negative number with a typical magnitude of ~8 MeV per nucleon, though it is 
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commonly presented as the energy needed to breakup a nuclei (positive).[1]   Figure 

1.1, taken from K.S. Krane [1], shows the distribution of nuclei binding energy (per 

nucleon) plotted as a function of the nuclei mass number.  The peak occurs at a mass 

number of 56 – corresponding to the nuclei of iron.  This shows that iron and 

elements with similar mass numbers are the most stable nuclei – the highest binding 

energy between the protons and neutrons that make up the nuclei.  This function 

demonstrates whether nuclear fusion or fission is the preferred mechanism to convert 

mass into energy for a particular nucleus.  For elements with mass numbers much 

larger than iron, there is a trend of decreasing binding energy per nucleon as the mass 

number increases.  If you consider splitting one of these nuclei into 2 products, the 

products have a higher (more negative) binding energy per nucleon than the initial 

large nuclei.  To conserve energy, this increase in binding energy per nuclei must be 

compensated by a release of energy by the fission reaction in the form of kinetic 

energy to the products.  Two examples of simple fission reactions using a uranium 

isotope are  

 235 89 144 3 177U n Kr Ba n MeV+ → + + +  (1.2)

 And 

 235 94 141 2 181 ,U n Rb Cs n MeV+ → + + + (1.3)

where a low energy neutron bombards a uranium-235 nuclei, creating two daughter 

nuceli and releasing neutrons and kinetic energy.[1]  The mass of the reactants (the 

uranium-235 and the initial neutron) is greater then that of the products (krypton, 

barium, rubidium, cesium and neutrons) and that difference manifests itself  
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in the kinetic energy of the products, effectively converting mass from the reactants 

into energy of the products.  Similarly, for nuclei significantly lighter than 56Fe, the 

binding energy per nucleon increases with mass number.  For these nuclei, the 

product from the fusing of 2 nuclei together will have a greater binding energy per 

nucleon than the reactants, resulting in the release of energy to the reaction products.  

A typical example of a fusion reaction using deuterium (2H / D) and tritium (3H / T) is   

 (3.5 )  (14.1 ),D T He MeV n MeV+ → + (1.4)

where the deuterium and tritium nuclei fuse together to form a helium nuclei, a 

neutron and 17.6 MeV of total kinetic energy (14.1 MeV to the neutron and 3.5 MeV 

to the alpha particle (He)).[5,6]   

 Although fission and fusion energy result from the same underlying principle, 

their applications in practice are very different.  The fission reactions in Eq. 1.2 and 

1.3 require a unique Uranium isotope that is less than 1% of natural Uranium and the 

fission of 235U yields a wide variety of products, many of which have long-term 

radioactive decays.[1,7]  Equations 1.2 and 1.3 lend themselves to a chain reaction as 

1 incident neutron results in several neutrons (an average number of 2.4) that can 

induce new fission reactions.[1]  This allows for a critical-fuel assembly that will 

result in an uncontrollable release of thermal energy (nuclear weapon).  Deuterium 

isotopes occur at low abundance in nature (less than 0.02%), though they are 

naturally found in sea water, yielding an effectively limitless supply.  The fusion 

reactions considered as feasible long term energy solutions result in products that are 

inert so there is no long-term radioactive risk.  The challenge associated with fusion is 
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providing enough energy for the ionized nuclei to overcome the Coulomb repulsion 

force, given by, 

 1 2
2 ,e

q qF k
r

=  (1.5)

where ek is the Coulomb constant, 1,2q  is the charge of the ions, and r is the distance 

between the ions.[8,9]  The strong (nuclear) attractive force between nuclei is ~100 

times stronger than the electromagnetic force but only spans a very short distance 

(~2-fm).[1]  Sufficient kinetic energy must be provided to the reactants to get the ions 

within the effective range of the strong force for fusion to occur.  This work focuses 

on some of the challenges involved with achieving efficient thermonuclear fusion in 

the laboratory. 

 

1.2 Inertial Confinement Fusion 

 The fundamental challenge of achieving thermonuclear fusion is confining an 

ionized gas (plasma) at the temperature and density conditions required by a 

particular species to overcome the Coulomb potential.  To realize a net energy gain 

(ignition), the plasma must be confined for a characteristic time determined by it’s 

properties.  The physical definition for this criterion is given by the Lawson ignition 

criteria, 

 2 10 atm s,p n Tτ τ⋅ = ⋅ ⋅ ⋅ > ⋅ (1.6)

where p is the pressure, τ is the confinement time, n is the density and T is the 

temperature.[10]  This criteria shows the minimum requirements to achieve 



1.2 Inertial Confinement Fusion 7 
 

thermonuclear ignition – where the amount of energy released by the fusion reactions 

is greater than the energy required to sustain them.  The Lawson criteria is valid for 

the two primary approaches to achieving thermonuclear ignition – magnetically or 

inertially confining a plasma.  The criteria is met naturally in stars like our sun, where 

the gravitational force associated with the mass of the sun confines the plasma ions on 

a timescale long enough to allow fusion reactions to occur at a relatively low pressure 

while burning a very small fraction of the total fusion fuel available.  Man-made 

devices have demonstrated the ability to achieve thermonuclear ignition on Earth in 

hydrogen bombs – where a nuclear fission bomb is used to create the pressure 

conditions required to ignite an energy efficient nuclear fusion reaction over a 

relatively short timescale, burning the fuel much more efficiently than the 

gravitationally confined sun.  The two primary approaches to achieving controlled 

thermonuclear ignition in the laboratory environment are magnetic confinement 

fusion (MCF)[11], where a low density plasma is confined by toroidal magnetic fields 

( ~ atmp , ~ secτ ), and inertial confinement fusion, where a high density plasma is 

confined by its own inertia ( ~ Gbarp , ~ nsτ ).[5,6]  In inertial confinement fusion, a 

spherical target is uniformly irradiated with energy.  As the shell is heated, surface 

material expands radially outward, causing the remaining shell to convergently 

accelerate due to conservation of momentum.  The imploding shell confines and heats 

the fusion fuel at the core of the target on a timescale of the order 1 to 10-ns.  As 

shown in Fig. 1.1, there are a variety of nuclei that can potentially show a net release 

of energy through nuclear fusion.  The particular nuclei used in experiments are 
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dictated by the fusion nuclear cross sections.  Figure 1.2, taken from Polywell 

Nuclear Fusion [12], shows the nuclear cross sections of several energetically 

favorable nuclear fusion reactions as a function of the temperature of the lightest 

reactant.  From the plot, it is clear that a DT plasma will provide the maximum fusion 

cross section for the minimum amount of thermal energy in the fuel.   

 A typical ICF target consists of a thin target shell that contains a DT ice layer 

surrounding a DT gas and is directly irradiated by overlapping lasers or indirectly 

irradiated by x-rays generated from lasers interacting with a high-Z capsule known as 

a holhraum.[5,6]     Direct-drive ICF has a higher coupling efficiency from the driver 

energy and the energy on target at the cost of increased beam smoothing requirements 

to insure a uniform implosion.[5,6]  Indirect drive relies on x-rays uniformly bathing 

the target, reducing the beam smoothing requirements as well as the coupling 

efficiency.[5,6]  Figure 1.3, taken from S. Atzeni [6],  shows the two types of drive 

used in inertial confinement fusion.  Figure 1.3.a shows overlapping lasers uniformly 

irradiating a spherical target (direct-drive) while Fig. 1.3.b shows the indirect drive 

approach using a hohlraum casing around the target.[6]  In both cases, targets with D2 

fuel can be used to benchmark plasma conditions for target/drive designs as their 

behavior is virtually hydrodynamically equivalent to DT and they are easier to 

manufacturer.  Figure 1.4, taken from LLNL [13], shows a schematic of a typical ICF 

target designed to achieve ignition with a cryogenic DT shell.  This target  
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Figure 1.2.  The nuclear cross sections for several energetically favorable fusion 
reactions is plotted as a function of the kinetic energy of the light particle.  DT 
reactions show the highest reaction cross section while DD requires the least amount 
of input energy.  Figure taken from Polywell Nuclear Fusion.[12] 
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Figure 1.3.  Overlapping lasers are used to drive the target in direct drive (a), while a 
high-Z hohlraum is used to generate x-rays that drive the target in indirect drive (b).  
Figures taken from S. Atzeni.[6] 
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Figure 1.4.  Schematic of a typical direct-drive ICF target with an ~3400-um outer 
diameter, a ~340-um cryogenic DT shell and a ~4-um CH ablator.[13-15]  Figure 
adapted from LLNL.gov.  
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has a ~3400-um outer diameter with a ~340-um cryogenic DT shell with a very thin 

~4-um CH ablator on the outside of the target.[14,15]  As the targets are irradiated 

they quickly ionize, blowing low density plasma radially outward.  In both cases, 

electromagnetic waves penetrate the target to the density where they are reflected 

(critical density) given by 

 ( )
2 21

3
22 2

8.9 10 cm ,
(μm)

0.351(μm)

e
c

m cn
e

π
λ λ

−⋅ ⋅ ×= =
⋅ (1.7)

where em is the electron mass, c is the speed of light, e is the electron charge, and λ is 

the driver wavelength.[16-18]  Energy from the driver is deposited into the plasma 

through collisional absorption, resulting in thermal transport that carries the energy 

past the critical surface into the higher density plasma.  The electrons lose most of 

their energy in a thin region in the shell of the target (less than 1-μm) known as the 

ablation front.[5,6,19,20]  The mechanism responsible for compressing the target is 

the ablation of material away from this surface of the target as it is heated, resulting in 

the so-called ‘rocket effect’.[5,6]  As a rocket takes off, tremendous amounts of mass 

are expelled from the rocket booster.  According to Newton’s 3rd law, this action must 

create an opposing reaction.  In ICF, the reaction to the ablation of mass from the 

surface of the shell is the spherical compression of the shell, resulting in the creation 

of plasma with temperature and pressure conditions comparable to those found in 

stars.   

 At the peak of thermonuclear burn in an ICF implosion, the plasma consists of 

a relatively low density, high temperature core surrounded by a high density, low 
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temperature shell made of the same fusion fuel that occupies the core.  Figure 1.5 

shows a schematic of final fuel assembly in an ICF implosion designed for hot spot 

ignition.  The 30-μm central hot spot of the target reaches temperatures up to 10-keV 

at a density of ~ 100 g/cc, while the 20-μm shell has a temperature of ~500-eV and a 

density of ~ 1000 g/cc.[21]  In the case of DT, the primary fusion reaction yields 

neutrons and alpha particles with kinetic energy distributed between them (Eq. 1.4).  

Neutrons escape the plasma with relative ease due to their neutral charge, while the 

alpha particles produced in the core scatter in the target core, depositing their kinetic 

energy in the form of heat.  If the target core areal density (ρR) is equivalent to the 

alpha particle range in the material, a burnwave will propagate into the target shell 

burning up the cold fusion fuel and increasing the fusion yield of the target.  In the 

final assembly, an ICF target designed for ignition must reach temperatures in excess 

of 5 keV (over 5,000,000°C) and densities of 1000 g/cm3 (1000 times liquid 

density.[21]  Alpha heating requires a core ρR ~ 300 mg/cm2 and increases the core 

temperature up to 30 keV, burning up to 25% of the total target fuel.[21]   

 For inertially confined fusion reactions, the Lawson criterion can be rewritten 

in terms of measurable parameters.[22]  An effective pτ  has been derived for ICF 

implosions, given by 

   0.8
( )8[ ] ,ICF no no

eff tot n np R T YOCα α μτ ρ≈ (1.8)

where pτ  is in atm s⋅ , Rρ is the target areal density (g/cm2) averaged of the neutron 

production time, and T is the neutron averaged temperature (keV) , both ignoring the  
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Figure 1.5.  The final fuel assembly of an ICF target designed to achieve 
thermonuclear ignition is shown.  The final assembly consists of a ~30-μm diameter 
low density (~100 g/cc), high temperature (~10 keV) core (Hot Spot) surrounded by a  
~20-μm low temperature (~500 eV), high density (~ 1000 g/cc) shell.  The 
temperature and fuel ρR (300 mg/cm2) provide sufficient alpha stopping to increase 
the core temperature up to 30 keV, launching a burnwave into the cold shell of the 
target, burning up to 25% of the total fuel available and achieving thermonuclear 
ignition. [21] 
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effects of alpha particle heating, YOC (yield-over-clean) is the ratio of the measured 

3-D neutron yield normalized to the 1-D prediction, and μ is a calculated power 

index ranging from 0.4 to 0.5.[22]  Figure 1.6, taken from R. Betti [22], shows a plot 

of the pτ values achieved/anticipated in the laboratory environment using the inertial 

confinement approach as well as a magnetic confinement approach (MCF), where 

plasmas are confined by unique magnetic field structures.  In Fig. 1.6, data points are 

plotted for various ICF and MCF facilities along with the pτ  region that satisfies the 

Lawson ignition criteria, showing NIF (an indirect drive ICF facility) and ITER (an 

MCF Tokamak) are projected to achieve thermonuclear ignition.[22]  

 

1.3 Inertial Confinement Fusion Hydrodynamics 

 Understanding the hydrodynamics of an ICF implosion is critical to achieving 

thermonuclear ignition in direct or indirect drive ICF.  This work focuses on direct 

drive ICF.  In direct drive ICF, a spherical fusion target is directly irradiated with 

laser light to deposit energy at the critical surface through collisional absorption (see 

Chapter 3.1).  Laser light is coupled to electrons that thermally transport their energy 

from the deposition region to the ablation front.  As the heated material blows off 

(ablates) of the ablation front, the pressure builds up, given by 

 
2/3

1583 ,
( ) / 0.35A

L
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mλ μ

⎛ ⎞
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where 15I is the laser intensity (1015 W/cm2) and Lλ is the laser wavelength in μm.[23]  

The rate at which mass is ablated from the surface of a direct-drive ICF target (mass 

ablation rate) is given by [23] 

 ( )
1/3

6 215
4/31.3 10 g/cm s.

( ) / 0.35a
L

Im
mλ μ

= ⋅ (1.10)

These parameters dictate the target acceleration, implosion velocity, peak 

compression, and impact the hydrodynamic stability.   

 Prior to the onset of target acceleration, the entropy (adiabat) is set by the 

strength of shock waves launched when the target is irradiated, setting the conditions 

for the adiabatic compression of the target.[24-28]  The adiabat of the target is given 

by the ratio of the plasma pressure to the Fermi degenerate pressure (the pressure of a 

gas of fermions at absolute zero) and scales as 

 5/3~ ,Pα
ρ

 (1.11)

where P  is the pressure and ρ is the density.  Substituting this into the work equation 

for compressing a gas yields 

 ( )5/3 2/3 2/3~ ~ ,f f

i i
i f f i

MW P dV d M
ρ ρ

ρ ρ
α ρ α ρ ρ

ρ→
⎛ ⎞= − ⋅ − ⋅ ⋅ −⎜ ⎟
⎝ ⎠

∫ ∫  (1.12)

where M  is the shell mass and ρf and ρi are the compressed and uncompressed 

densities, respectively.  From Eq. 1.12, the higher the adiabat (α), the more work 

(driver energy) required to compress the target from an initial density, ρi, to the 

desired density, ρf.  To minimize the adiabat, shaped drive pulses are used where the 

target is initially shocked with a low intensity drive to set the adiabat before slowly 
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ramping the pulse intensity to achieve ignition relevant accelerations and implosion 

velocities.  Understanding the target response to shock transport is critical to 

understanding the full hydrodynamics of the target.  Figure 1.7 shows a schematic of 

a shock propagating through a planar target in the frame of reference of the shock.   

The physics of shock propagation and the corresponding material response are 

governed by the Rankine-Hugoniot conditions across the shock front, 

 1 1 2 2 ,u uρ ρ⋅ = ⋅  (1.13)

 

 2 2
1 1 1 2 2 2 ,p u p uρ ρ+ ⋅ = + ⋅  (1.14)

 
 
 1 1 1 2 2 2( ) ( ),u p u pε ε⋅ + = ⋅ +  (1.15)

where ρ is the fluid density, u is the fluid velocity, p is the fluid pressure and ε is 

the internal fluid energy in the un-shocked (1) and shocked (2) regions of the target, 

in the reference frame of the shock.[19,29,30]  The fundamental conservation laws in 

Eq. 1.13-1.15 do not provide a closed set of equations, so an assumption about the 

equation of state of the fluid must be made.  It is analytically convenient to close the 

set of equations with the ideal gas equation [19],  

 
23 .

2 2
upε ρ= +  (1.16)

When the shock reaches the rear surface of the target shell a density relaxation wave 

is launched towards the surface of the target, known as a rarefaction wave.  Once the  
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Figure 1.7.  A schematic of a shock propagating through a planar target is shown in 
the reference frame of the shock.  The material velocity (u), density (ρ) and pressure 
(P) in the un-shocked (2) and shocked (1) regions of the target are related by the 
Rankine-Hugoniout equations given in Eq. 1.13 through 1.15. 
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rarefaction wave breaks out at the surface, the target begins to accelerate at a rate 

proportional to the mass of the target and the ablation pressure given in Eq. 1.9.  The 

target accelerates radially inward until the ablation pressure goes to 0 (when the 

driver turns off), compressing the target.  Shortly after the drive turns off, the 

implosion in most targets reaches the coasting phase – where the shell is traveling 

towards the center of the target at a constant radial velocity and pressure begins to 

build up in the center of the target as material continues to be compressed.  

Depending on the target and driver parameters, the coasting phase may be bypassed.  

The final stage in the implosion is the deceleration phase.  During the deceleration 

phase, the target shell is slowed by the pressure of the material at the center of the 

target.  As the shell slows, its kinetic energy is converted into thermal energy at the 

center of the target, resulting in a very hot core and creating the conditions for nuclear 

fusion reactions to occur.  If the target maintains the final fuel assembly shown in Fig. 

1.5, the alpha particles released from the fusion core will deposit their energy in the 

target’s hotspot with a ρR equivalent to the alpha particle stopping range in the 

plasma, resulting in a burn wave propagating through the shell and increasing the 

total fusion yield of the implosion.[21]   

 

1.4 Inertial Confinement Fusion Concerns 

 Throughout the implosion in an ICF experiment, the integrity of the target is 

of critical importance.  The final fuel assembly must consist of a low density, high 

temperature core surrounded by a high density, low temperature shell to maximize the 
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number of fusion reactions that can occur while the fuel is confined, as shown in Fig. 

1.5.[5,6]  Maintaining a high shell Rρ is essential to achieving thermonuclear 

ignition for two reasons.  To create the fusion hotspot, the shell must maintain its 

integrity throughout the implosion to prevent significant mixing between the cold 

shell and the hot core that would result in extinguishing the target hot spot prior to 

achieving fusion relevant temperatures.  Additionally, a high shell ρR carries 

significant amounts of fusion fuel towards the target hotspot that can be burned 

provided that the hot spot ρR sufficiently absorbs energy from fusion alphas, creating 

a burn wave in the target shell and increasing the overall fusion yield of the target.  

There are many physics and engineering mechanisms that can compromise the target 

integrity at all of the stages of the implosion, quenching a target before its maximum 

potential is achieved.   

 Fluid instabilities are of significant concern when trying to achieve the highest 

target integrity possible in an ICF implosion.  The Richtmyer-Meshkov (RM) 

instability is driven by a non-uniform shock propagating across an interface between 

fluids of different densities, causing areal density (ρR) modulations to grow 

approximately linearly in time.[31-33]  This shock non-uniformity can be created by 

direct imprint or by mass/density modulations in a target.  In an ICF implosion, this 

instability is found early in the drive during the shock transit time prior to shock-

breakout and target acceleration.[34]  The RM instability acts as a seed for the faster 

growing Rayleigh-Taylor (RT) instability that occurs after the target begins to 

accelerate.[33,35,36]  Modulations on the ablation surface of an ICF target are subject 
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to the ablative RM instability during the shock-transit time of the implosion and seed 

RT growth during the acceleration phase of the implosion.  The perturbed shock will 

imprint a modulation on the inner surface of the target shell (between the shell and 

the core) when the shock breaks out, seeding RT growth during the deceleration 

phase of the implosion.   

 The Rayleigh-Taylor (RT) instability occurs at the perturbed interface 

between two fluids when the density and pressure gradients point in opposite 

directions ( 0pρ∇ ⋅∇ < ) – when a light fluid is supporting a heavy fluid against 

acceleration (gravity).[35,37]  This instability occurs at 2 points during an ICF 

implosion – during the acceleration phase of the implosion at the ablation front of the 

target and during the deceleration phase at the interface between the inner surface of 

the shell and the low density core of the target.  In both cases, the modulations are 

seeded by laser and target non-uniformities that are enhanced by the RM instability.  

Figure 1.8 shows sample density and pressure profiles across the ablation front of the 

shell of an ICF target during the acceleration phase of the implosion.  Observe that 

0pρ∇ ⋅∇ <  across the ablation front, so areal density modulations at this interface 

are subject to growth due to the RT instability.  Figure 1.9 shows the same 

information at the rear surface of the target shell during the deceleration phase of the 

implosion from the reference frame of the inner surface of the shell.  Again, 

0pρ∇ ⋅∇ <  across this interface making it susceptible to RT growth.  As these areal 

density modulations evolve, they can grow to a significant fraction of the shell  
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Figure 1.8.  Sample density and pressure profiles of the ablation front of an ICF shell 
during the acceleration phase of the implosion are presented in the reference frame of 
the ablation front.  The ablation front is subject to an acceleration force, g , pointing 
along the positive x-direction.  The density and pressure gradients across the ablation 
are opposite in direction, so areal density ( Rρ ) modulations at this interface are 
susceptible to growth due to the Rayleigh-Taylor instability. 
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Figure 1.9.  Sample density and pressure profiles of the rear surface of an ICF shell 
during the deceleration phase of the implosion are presented in the reference frame of 
the rear surface.  The ablation front is subject to an acceleration force, g , pointing 
along the negative x-direction.  The density and pressure gradients across the rear 
surface are opposite in direction, so areal density ( Rρ ) modulations at this interface 
are susceptible to growth due to the Rayleigh-Taylor instability. 
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thickness, resulting in mixing of the cold target shell with the hot core and 

compromising the target’s integrity and quenching the hotspot.  Additionally, mixing 

increases the entropy of the target which decreases the compression efficiency (Eq. 

1.12).   

 Target preheat due to hot electrons is another concern for ICF ignition.[38,39]  

In ICF, preheating the shell of an imploding capsule increases the adiabat of the 

implosion.  It is crucial to minimize the adiabat of the target during compression, as 

lower entropy results in lower driver energy requirements for achieving 

thermonuclear ignition.  Preheating the capsule causes compression to occur at a 

higher adiatbat, requiring an increase in driver energy to achieve ignition relevant 

compression.[25,27,28,40-42]  Two sources for hot electrons in direct drive ICF 

implosions are non-local hot electrons and laser plasma instabilities.  Non-local hot 

electrons are those generated at the critical surface with energy significantly above 

that of the bulk distribution responsible for the ablation driven implosion, allowing 

them to penetrate past the target ablation front, depositing energy deeper into the cold 

target.[43]  Hot electrons can be produced by laser plasma instabilities, where 

incident laser light is converted into a combination of scattered light, electron plasma 

and/or ion-acoustic waves in the under-dense coronal plasma ablated from the surface 

of the target.[16]   
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1.5 Summary 

 In inertial confinement fusion, the Richtmyer-Meshkov and Rayleigh-Taylor 

instabilities cause areal density modulations in the shell of the target to grow, 

potentially compromising the target integrity and quenching thermonuclear ignition.  

Understanding how these modulations grow and how to mitigate their effect is of 

critical importance to achieving ICF ignition.  Chapter 2 focuses on how the RM and 

RT instabilities grow in the linear and non-linear regime for both single and multi-

mode modulations.  Preheating of the target shell can quench thermonuclear ignition 

by increasing the entropy of the target and subsequently decreasing the target 

compression efficiency.  Chapter 3 focuses on preheat effects in ICF and the effects 

on the growth rate of RT unstable modulations as well as target compression.  

Chapter 4 describes the basic experimental configuration and analysis techniques for 

performing Rayleigh-Taylor experiments on planar laser driven foils.  Chapter 5 

discusses experiments investigating areal density modulation evolution in targets with 

cryogenic D2 ablators to investigate predictions of increased hydrodynamic 

stabilization used in ignition direct drive target designs.  Chapter 6 discusses 

experiments on the quenching of areal density modulation growth in targets with CH 

(plastic) ablators due to hot electron preheating at peak intensities of 1μ1015 W/cm2 

as well as preliminary results on another potential ignition ablator, SiO2.  Chapter 7 

summarizes this work and outlines implications for the success of the inertial 

confinement fusion program.  Appendix A discusses the application of 1-D 

hydrodynamic simulations to planar, single mode Rayleigh-Taylor experiments.   
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2. Theory of the Rayleigh-Taylor and 

Richtmyer-Meshkov Instabilities 

 

2.1  Fluid Instabilities in ICF 

 In inertial confinement fusion, a spherical target with a DT ice layer 

surrounding a DT gas is uniformly irradiated, ablativly compressing it creating the 

temperature and density conditions necessary to achieve thermonuclear ignition.  

Throughout the implosion, it is essential to maintain the target integrity - a low 

density, high temperature core surrounded by a high density, low temperature shell as 

seen in Fig. 1.5.  During the acceleration phase of the implosion, small perturbations 

in the shell’s areal desnity (ρR), seeded by manufacturing defects and/or laser non-

uniformities, grow at the ablation surface due to fluid instabilities.[5,6]  These 

perturbations then feed through to the inner surface of the shell.[44,45]  As the target 

shell compresses the core (deceleration), small ρR perturbations at the shell’s inner 

surface grow. [5,6]  This can lead to mixing between the cold shell and the hot core, 

quenching the hot spot prior to ignition as well as increasing the entropy of the target, 

degrading compression efficiency.[46]  This chapter discusses the different fluid 

instabilities found in ICF implosions and their impact on target integrity.      
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2.2 Classical Rayleigh-Taylor Instability 

 The Rayleigh-Taylor instability (RTI) is a fluid instability that occurs at an 

interface between two fluids of different densities when a light fluid supports a heavy 

fluid against an acceleration, such as gravity.[33,36]  More generally, a fluid interface 

is susceptible to modulation growth due to the RT instability when the density and 

pressure gradients are in opposite directions across the fluid interface, mathematically 

given by 

 0,p ρ∇ ⋅∇ <  (2.1)

where p is the pressure profile and ρ is the density profile across the fluid interface. 

This instability causes small areal density ( Rρ ) perturbations on the interface 

between the fluids to grow rapidly in time.[37]  Figure 2.1 shows a schematic of an 

RT unstable configuration, where a fluid with a high density, hρ , is supported by a 

fluid of lower density, Lρ , in the presence of a gravitational force where the interface 

between the two fluids has a small seed perturbation.  The figure shows schematics at 

3 different times, 0 1 2t t t< < , indicating how the perturbation would evolve in the 

early stages of RT growth. 

 In ICF, 0p ρ∇ ⋅∇ <  at two stages of the implosion - at the ablation front 

during the acceleration of the target and at the core-shell interface during the 

deceleration phase (hot spot creation).[5,6,35]  During the acceleration phase, initial 

ρR modulations on the surface of the target due to manufacturing and/or laser  
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Figure 2.1.  A dense fluid ( Hρ ) sits on top of a lighter fluid ( Lρ ) in the presence of a 
gravitational force ( g ) in the –z direction.  An areal density modulation at the 
interface between the two fluids is susceptible to the Rayleigh-Taylor instability and 
will grow quickly in time, eventually resulting in mixing between the two regions.  
Each segment shows a schematic at different times, 0 1 2t t t< < , showing the early 
time evolution of the instability.   
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imprinting grow between the dense ablation front and the low density ablated plasma 

that drives the implosion.  These modulations feed through to the inner surface of the 

shell (feed-through), where they seed modulations at the shell/core interface.[44]  As 

the pressure builds in the target core, the shell begins to decelerate, depositing its 

kinetic energy into the core as thermal energy.  During deceleration, the low density 

core decelerates the high density shell causing modulations on the inner surface of the 

shell to grow.  If the ρR modulation amplitudes in the shell become comparable to the 

shell thickness, the target will break up and mixing between the cold shell and the hot 

core will quench the hotspot.   Figure 2.2, taken from D. D. Meyerhofer, shows RT 

growth at different stages during an ICF implosion as described above.[47]   

 The simplest treatment of this phenomenon can be performed considering two 

incompressible fluids with a perturbed interface in a gravitational field.    The 

evolution is solved by including the incompressibility condition, 0∇ ⋅ =v , as well as 

the equation for conservation of momentum in a fluid, 

 ( ) ,p
t

ρ ρ∂ + ⋅∇ = −∇ +
∂
v v v g  (2.2)

where ρ  is the fluid density, v  is the velocity, p  is the pressure, and ˆzg z=g is the 

acceleration.    Solving for the equilibrium conditions ( 0t
∂

∂ → ) yields 

 0 0 ,zp gρ∇ =  (2.3)

where the subscript “0” refers to the equilibrium value of the respective quantities.  

To perform the standard linear stability analysis, solutions of the form 
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Figure 2.2.  The stages of an ICF implosion using a cryogenic DT target are 
schematically shown.  When the target is first irradiated, a shock propagates through 
the target (1).  The target then begins to accelerate (2) and RT growth is observed at 
the shell ablation front in addition to hot electron preheat (to be discussed in Chapter 
3).  Modulations on the ablation surface feed through to the inner surface of the shell 
where they act as a seed for RT growth during the deceleration phase of the implosion 
(3), potentially leading to mixing between the cold shell and hot target core.  Finally, 
the target hotspot is formed and conditions for achieving thermonuclear ignition are 
reached (4).  Figure taken from D. D. Meyerhofer.[47] 
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 0Q Q Q= +  (2.4)

are substituted into the original equations, where Q denotes a small perturbation from 

the equilibrium in the form of a Fourier decomposition and exponential growth, given 

by 

 ˆ ( ) ,ikx tQ Q z e γ+=  (2.5)

where k is the modulation wave number and γ is the growth rate, and only the terms 

linear in Q  are kept.  Q  denotes a perturbed quantity, while Q̂  denotes the z-

component of Q .  An equation for the interface between the two fluids can be written 

 ˆ( ) [ ( )] ,t
zz t x t eγη=  (2.6)

whose linearized time derivative yields 

 ˆ ˆ( ) ( ,0),z zx v xγη =  (2.7)

where ˆ ( ,0)zv x is the z-component of the velocity perturbation at time t=0.  Boundary 

conditions are applied to the solutions, requiring that 1.) fluid 1 and fluid 2 cannot 

overlap and 2.) the pressure must be continuous across the perturbation interface, 

yielding the expression 

 01 02 2 1ˆ ˆ ˆ( ) ( ) ( ,0) ( ,0),z z zg x p x p xρ ρ η− = −  (2.8)

where the subscript 1 denotes the high density region and subscript 2 denotes the low 

density region.  Substituting expressions generated by satisfying the boundary 

conditions along with the temporal derivative of the interface equation, equation 2.7, 

yields the unstable growth rate, 
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 ,Akgγ =  (2.9)

where k is the modulation wave number, g is the acceleration, and A  is the Atwood 

number, given by 01 02

01 02

A ρ ρ
ρ ρ

−=
+

.[37,48]  This is the classical form of the 

incompressible RTI growth rate at a sharp interface between two fluids.  The spatial 

behavior of the perturbed quantity ˆ ( )Q z takes the form 

 ˆ ( ) ,k z
zQ z e−≈  (2.10)

showing that an areal density modulation exponential decays away from the interface.  

In ICF, this is one of the mechanism that is responsible for seeding modulations on 

the interface between the target shell and core that becomes unstable during the 

deceleration phase of an implosion, when the central hotspot is created – known as 

modulation feedout (see Section 2.10).[44]   

 

2.3 Linear Ablative Rayleigh-Taylor Instability 

 In ICF, mass ablation is the mechanism responsible for the implosion of the 

fusion capsule.  As the outer surface of the shell is heated, mass is jettisoned from the 

high density ablation front creating a response pressure that compresses the capsule as 

discussed in Chapter 1.  Mass ablation reduces the growth rate of ρR modulations at 

the ablation front compared to the classical scenario, outlined in Section 2.2, during 

two periods of the target evolution.  During the acceleration and deceleration phases 

of an ICF implosion, mass is ablated away from the outer and inner surface of the 
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target shell, respectively.  Modulations at these interfaces are described by the 

ablative Rayleigh-Taylor instability.    The impact of mass ablation on the RT growth 

rate can be obtained by a self-consistent stability analysis including the effects of 

finite thermal conductivity in the fluid equations describing the RT unstable 

interface.[49]  The fluid conservation equations for the density ( )ρ , temperature ( )T , 

and pressure ( )P  including the effects of thermal conductivity in the reference frame 

of the ablation front can be written 

 0,
t
ρ ρ∂ + ∇ ⋅ =

∂
v  (2.11)

 

 ,p
t

ρ ρ∂⎛ ⎞+ ⋅∇ = −∇ +⎜ ⎟∂⎝ ⎠
v v v g  (2.12)

 

 ,Tc T p T
dtυρ κ∂⎛ ⎞+ ⋅∇ = − ∇⋅ + ∇⋅ ∇⎜ ⎟

⎝ ⎠
v v  (2.13)

where v is the fluid velocity, g is the acceleration, /p T Aρ=  is the hydrodynamic 

pressure, 1 / ( 1)hc Aν γ−= −  is the specific heat at constant volume, and hγ  is the ratio 

of the specific heats.  The constant A  is the average particle mass in the fluid and is 

given by / (1 )iA m Z= +  where im  is the ion mass and Z  is the atomic number.  

Equations 2.11 and 2.12 are identical to those used in the case of the classical RT 

instability while Eq. 2.13 uses conservation of energy to include the thermal 

conductivity of the ablation front.  The thermal conductivity, κ , uses a power law 
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dependence on temperature, given by ( / )a aT T νκ κ= , where aT  is the temperature at 

the ablation front.[49]  For the case where the sound speed, given by 

 ,s h
pc γ
ρ

=  (2.14)

is sufficiently larger at the ablation surface than the velocity at which the ablation 

front moves into the high density region of the target, aV , the conservation of energy 

equation (2.13) can be written in the divergence free form, 

 0 2 0,aL V ν
ξ

ξ +

⎛ ⎞∇∇⋅ + =⎜ ⎟
⎝ ⎠

v  (2.15)

where / aξ ρ ρ=  is the density normalized to its value at the ablation front, aV  is the 

ablation velocity and 0L  is the characteristic width of the ablation front, given by 

 0
1 .h a

h a a

AL
V

γ κ
γ ρ

−≡  (2.16)

Solving for the equilibrium of Eq. 2.11-2.13, 0t
∂ →∂ , yields equilibrium density 

profiles described by 

 ( )1
0

0

1 ,d
dy L

νξ ξ ξ ξ+= −  (2.17)

where 0ξ  is an integration constant.  Although this expression cannot be solved 

analytically, approximate solutions can be formed in overdense ( 0y > , 1ξ ≈ ) and 

blow-off ( 0, 1y ξ< << ) regions of the plasma, 

 01
y

Loverdense eξ
−

≈ −  (2.18)
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and 

 0 ,blow off L
y

ξ
ν

− ⎛ ⎞
≈ −⎜ ⎟
⎝ ⎠

 (2.19)

exhibiting a sharp density profile near the peak density ( 0L L≈ ).  The equilibrium 

velocity profile derived from the mass conservation equation, Eq. 2.13, indicates the 

flow of mass away from the ablation front is constant, 

 ,U constρ =  (2.20)

where U is the x-component of the fluid velocity vector, v .  In the overdense region, 

the ablation velocity approaches a constant value, denoted aV as presented above.  

The stability analysis is performed just as in the classical RT treatment, considering 

perturbations of the form 

 0 ,Q Q Q= +  (2.21)

where 0Q  is the equilibrium solution and Q is a small perturbation with the standard 

Fourier decomposition and growth behavior given by 

 ( )( , ) ~ ,ikx tQ x t e γ+  (2.22)

where k is the perturbation wave number and γ is the growth rate.  Substituting the 

perturbed expressions into the above equations, keeping only terms of order Q , yields 

a single complex fifth-order differential equation that cannot be completely solved 

analytically.  Goncharov et al. solved the differential equation independently in the 

overdense, ablation front, and blow-off regions of the plasma by matching the 

boundary conditions between each region to yield a self-consistent solution for the 
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RT growth rate for plasmas with a Froude number much greater than 1 

2

0

( 1)aVFr
gL

= >> ,[49] 

 
T aA k g kVγ β= −   

for 2 2/ /(2 )
0 ( )kL Frν ν νυ + −<<  

(2.23)

and 

 

2 2 (1 )T T a bo T aA k g A k V V A kVγ = − − +  

for 2 2/ / (2 )
0 ( ) ,kL Frν ν νυ + −>>  

 

(2.24)

where TA  is the Atwood number with thermal conductivity corrections, 

 
1/

0
1/

0

1 ,
1TA

ν

ν
μ ε
μ ε

−=
+

 (2.25)

where 
1/

0
(2 / )
[( 1) / ]

ννμ
ν ν

=
Γ +

 ( Γ is the gamma function) and 0kLε = .  The ablative 

stabilization constant β  is given by 

 2

[( 2) / ] ,
[( 1) / ]
ν νβ
ν ν

Γ +=
Γ +

 (2.26)

and the blow-off velocity boV is given by 

 1/
0

.a
bo

VV νμ ε
=  (2.27)

In both growth rate expressions, equations 2.23 and 2.24, the retention of the classical 

growth behavior given by ~ kgγ  is observed with corrections resulting in a 
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reduction in the growth rate.  Physically, this is easiest explained using equation 2.23, 

where the stabilization results from the akVβ−  term.[50]  This stabilization term 

indicates that one of the mechanisms responsible for the reduction of the growth is the 

shearing away of the largest portions of the modulation at a rate proportional to the 

ablation velocity, directly related to the rate at which material is removed from the 

ablation front (mass ablation rate).  This results in the constant ablation of the peaks 

of the modulation, resulting in smaller modulation amplitudes when compared to a 

classical interface under identical conditions.   

 The growth rate expressions given by equations 2.23 and 2.24 are accurate 

estimates of the growth rate, but in practice they are too complicated for regular use 

in ICF capsule design.  A numerical fit to 2-D hydrodynamic simulations was 

performed by Betti et al. resulting in the Betti-Goncharov forms of the RT growth 

rate, 

 1 1 1( , ) ( , ) aFr kg Fr kVγ α ν β ν= − (2.28)

and 

 2 2 2( , ) ,
1 a

m

kgFr kV
kL

γ α ν β= −
+

 (2.29)

where 1
0 ( 1) /mL L ν νν ν+= + is the minimum value of the density scale length at the 

ablation front and α and β are determined by numerically fitting the growth rates in 

equations 2.23 and 2.24.[20,51]  For large Froude numbers 1γ  is a sufficient estimate 

of the RT growth rate while 2γ  estimates it better for smaller Froude numbers, where 
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the density gradient scale length significantly influences the growth dynamics.  Table 

2.1, taken from R. Betti, shows simulated hydrodynamic parameters relevant to the 

RT growth rates given in Eq. 2.28 and 2.29.[20]  Simulations predict 1.5β ≈  for a 

plastic (CH) ablator and 3β ≈  for a deuterium (D2) ablator for typical ICF drive 

parameters, while the ablation velocity ( aV ) in deuterium is increased due to its lower 

density compared to plastic.[20]  Figure 2.3 shows the exponential growth of 

perturbations with wavelengths of 120 µm, 60 µm, 30 µm, and 20 µm over 3 ns for 

1α = , 10 m
nsg μ=   , 1.5CHβ = , 

2
3Dβ = , 0.65

CH

m
nsaV μ=  and 

2
1.3

D

m
nsaV μ=  using the 

1γ  growth rate expression given in equation 2.28.  These conditions are typical of 

planar target experiments on OMEGA.  The modulation growth in plastic (dashed 

curve) is higher than in D2 (solid curve), especially at shorter wavelengths.  At a 

wavelength of 20 μm, the growth factor is reduced by a factor of ~3 in D2 compared 

to plastic at 1.4 ns.  The reduction in growth in D2 results from the larger ablative 

stabilization constant ( β ) and ablation velocity ( aV ) compared to CH, which is 

analytically evident by the  akVβ−  term in equation 2.28.  Figure 2.4, taken from J.P. 

Knauer, shows experimental measurements of the ablation front evolution of 60 (a), 

31 (b), and 20-μm (c) single mode ρR modulations on 20-μm thick CH foils with 

initial modulation amplitudes of 0.5, 0.45, and 0.5-μm, respectively.[52]  The targets 

were driven by a 3-ns square pulse with an intensity of 2.5×1014W/cm2.  The solid 

lines are the ablative RT modulation evolution predicted by the 2-D hydrodynamics 

code ORCHID[53], showing good agreement with the experimental data. 
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Table 2.1.  Hydrodynamic parameters for CH (Table I) and DT (Table II) ablators 
calculated from simulations are shown.  The thickness (Th ), drive intensity ( I ), 
Froude number ( Fr ), thermal conductivity power index (ν ), ablation front thickness 
( 0L ), minimum density scale length ( mL ), ablation velocity ( aV ), acceleration ( g ), 
density ratio constant (α ), and ablative stabilization constant ( β ) are presented.  
Table taken from R. Betti.[20] 
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Figure 2.3.  The linear regime perturbation growth with a plastic ablator (dashed line) 
and deuterium ablator (solid line) is plotted as a function of time for modes with 

wavelengths of 120μm, 60μm, 30μm and 20μm.  Here, 1α = , 210 mg
ns
μ= , 1.5CHβ = , 

2
3Dβ = , 0.65

CHa
mV

ns
μ= , and 

2
1.3

Da
mV

ns
μ= . 
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Figure 2.4.  Experimental measurements of the ablation front evolution of 60 (a), 31 
(b), and 20-μm (c) single mode ρR modulations on 20-μm thick CH foils with initial 
modulation amplitudes of 0.5, 0.45, and 0.5-μm, respectively, are shown.  The targets 
were driven by a 3-ns square pulse with an intensity of 2.5×1014W/cm2.  The solid 
lines show the ablative RT modulation evolution predicted by the 2-D hydrodynamics 
code ORCHID, showing good agreement with the experimental data.  Figure taken 
from J.P. Knauer.[52] 
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2.4 Weakly Non-Linear Rayleigh-Taylor Instability 

 As the root-mean square (RMS) of the fastest growing modes reaches a 

significant fraction of the mode’s wavelength, the first non-linear effect, mode 

coupling, is seen.[54-58] The fastest growing modes couple to drive harmonics and 

other coupled modes.[54]  Modes with wave vectors 1k  and 2k  drive 12k , 22k , 

1 2k k+ , and 1 2k k− .  This coupling leads to the formation of bubbles (penetration of 

light fluid into heavier fluid) and spikes (penetration of heavy fluid into lighter 

fluid).[59]  Figure 2.5, adapted from S. Atzeni[6], shows a schematic of the bubble 

and spike formations in the weakly non-linear regime of the RT instability.  In a 

second-order approximation, the Fourier amplitude with wavenumber k , follows the 

equation  

 2 2 2 2

2
' 2 ' 2 2 2

1 1ˆ ˆ ˆ ˆ ˆ ˆ( ) ( (1 ) ( ' )) 0,
2 2k k k k k kZ k Z A k Z Z k k Z Z k k k kγ− ⋅ + ⋅ ⋅ − + − − =∑  (2.30)

where ˆ kk
k

=  is a unit wave vector, 2 2'k k k= − , and A  is the Atwood number.[59]  

Solving this expression to second order in kZ  (neglecting terms of order 3
kZ ) yields 

the equation  

 exp exp exp exp exp
' ' ' '

' '

1 1 ,
2 2k k k k k k k k

k k k
Z Z k A Z Z Z Z+ −

<

⎛ ⎞= + ⋅ ⋅ − ⋅⎜ ⎟
⎝ ⎠
∑ ∑  (2.31)
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Figure 2.5.  A schematic of the bubble and spike formations in the weakly non-linear 
regime of the RT instability where a light fluid ( )Lρ  supports a heavy fluid ( )Hρ  in 

the presence of acceleration ( )g  is shown.  Figure is adapted from S. Atzeni.[6] 
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where exp
kZ  is the exponential (or linear regime) amplitude of mode k .[59]  The 

coupling of different modes can be seen by the terms exp exp
' '

'
k k k

k
Z Z +⋅∑  and 

exp exp1
' '2

'
k k k k

k k
Z Z< =

<

− ⋅∑ .  This solution is only valid during the early, weakly non-linear, 

regime of the perturbation growth.  Experiments on driven planar CH targets 

exploring the early non-linear behavior of Rρ  modulation growth were performed on 

OMEGA by V.A. Smalyuk and good agreement was found with the predictions of 

reference 58.[60,61]  

 

2.5 Haan’s Non-Linear Saturation for Broadband Spectrum 

 
 For single mode initial perturbations, the exponential growth of a mode will 

typically saturate when 
10kZ λ= and begin to grow linearly in time.[58] For a 

broadband spectrum, modes of similar wavelength can constructively interfere 

creating larger perturbations, resulting in earlier saturation.  Haan’s model assumes 

that a perturbation with wave number k  grows exponentially until reaching the 

saturation amplitude, 2

2( )S k
L k

=
⋅

, where L  is the size of the observation region.[58]  

After reaching the saturation amplitude, the mode is predicted to grow linearly in 

time,  



2.6 Strongly Non-Linear Rayleigh-Taylor Instability 46 
 

 
exp ( )

( ) ( ) 1 ln .
( )

k
k

Z t
Z t S k

S k

⎛ ⎞
⎜ ⎟= ⋅ +
⎜ ⎟
⎝ ⎠

 (2.32)

Figure 2.6 shows how broadband modulations grow according to Haan’s model in (a) 

CH and (b) D2, using the same growth rate parameters as Fig. 2.3.  The modulation 

amplitude is shown after 1, 2, and 3 ns from bottom to top respectively, while the 

dotted line shows the saturation level.  The continuous transition from the linear 

regime (exponential growth) to the early non-linear regime (linear growth) can be 

seen as the perturbation passes over the saturation level.  As shorter wavelength 

(higher frequency) modes reach saturation the peak of the curve shifts towards larger 

wavelengths (smaller frequency) which are still unsaturated, growing exponentially in 

time.  The RMS modulation amplitude is plotted as a function of time in Fig. 2.6(c.), 

showing that the growth in D2 (solid line) is significantly less than that in CH (dashed 

line) due to the increased ablation velocity ( aV ) and ablative stabilization ( β ).  As 

modulations grow, their spectral peak shifts toward longer wavelengths.  In real 

space, this corresponds to bubbles becoming larger as time progresses, as shown in 

the next section.[60] 

 

2.6 Strongly Non-Linear Rayleigh-Taylor Instability 

 The perturbation enters the mixing phase when non-linear features begin to 

dominate the growth.  The bubbles and spikes continue to grow, though the physics of 

their growth is different.  The spikes are heavy and thin and fall inertially into a  
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Figure 2.6.  The growth of a broadband modulation according to Haan’s model [58] 

in CH (a.) and D2 (b.) with respect to spatial frequency 
1
λ

⎛ ⎞
⎜ ⎟
⎝ ⎠

.  The dotted line shows 

the saturation level, ( ) 2

2S k
Lk

= , where 333 L mμ= , and the solid lines show the 

modulation growth at 1, 2, and 3 ns from bottom to top, respectively.  Here, the 
conditions for the growth rate calculation are the same as Fig. 2.3.  The RMS 
amplitude (c.) of the broadband modulation is plotted with respect to time for CH 
(dashed line) and D2 (solid line).    The D2 broadband modulation growth shows 
significant reduction in growth rate compared to the CH.  
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lighter fluid at a freefall rate of 21~
2sA g t⋅ , while the bubbles have a significant 

frontal area and experience drag.[62] In the absence of any adjacent bubbles, the 

bubble will rise at a constant velocity of 
1
20.23( )bV g λ= ⋅ .[63]  In the presence of an 

adjacent bubble, bubble competition will occur, resulting in the accelerated growth of 

the larger bubble while the smaller bubble gradually stops growing and is absorbed 

by larger bubble (bubble coalescence).[56,57,60]  The bubble competition and 

coalescence results in a RMS amplitude of bubble growth of 20.03bA g t= ⋅  .[55]  As 

the bubble competition and coalescence continues, the shearing of the mixing fluids 

give rise to the Kelvin-Helmholtz (KH) instability that is characterized by a 

mushroom like structure forming on the spikes.[64-66]  As the KH instability 

continues, isolated droplets of light fluid mix with heavier fluid and vice-a-versa.  At 

this point, the perturbation no longer resembles its initial shape; it consists of a 

mixture of the two fluids.  In ICF, this leads to mixing of hot core and cold shell, 

reducing the temperature of the hot-spot and increasing the shell entropy, degrading 

the compression efficiency. 

 

2.7 Classical Richtmyer-Meshkov Instability 

 During the shock transit time of an ICF implosion, prior to acceleration phase, 

the target shell is subject to the impulse-driven Richtmyer-Meshkov (RM) 

instability.[31,32]  This instability is present when a shock wave propagating across 

the interface between two fluids of different densities is perturbed, either by a 
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perturbation at the interface between the fluids or when the shock front is perturbed.  

This instability is found at the front and rear surfaces of an ICF shell during the shock 

transit phase of the implosion, where surface and/or laser perturbations act as the seed 

for the modulation growth.[5,6]  The derivation of how these modulations evolve is 

similar to the procedure used in Section 2.2 for the classical RT instability, though 

now the acceleration at the fluid interface is an impulse given by 

 ( ) ( ),psg t U tδ= −  (2.33)

where psU is the post-shock fluid velocity and ( )tδ is a delta-function.  The value for 

psU  can be derived from the Rankine-Hugoniot equations given in Chapter 1 

(equations 1.12-1.14).[29,30]  Equations 2.7 and 2.8 from the derivation of the 

classical RT instability can be combined to generate the expression 

 ( ) ,tt Tk A g tη η∂ = − ⋅ ⋅ ⋅  (2.34)

which is solved using the impulsive form of ( )g t , 

 0( ) (1 ),T pst k A U tη η= + ⋅ ⋅ ⋅  (2.35)

where 0η  is the initial modulation amplitude, k is the wave number, TA  is the 

Atwood number and psU is the post-shock fluid velocity.  Modulations subject to the 

Richtmyer-Meshkov instability grow linearly in time – much slower than their 

acceleration-driven counterpart, the RT instability.  As is the case with the RT 

instability, mass ablation plays a significant role in how RM modulations evolve in 

time as discussed in the next section. 
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2.8 Ablative Richtmyer-Meshkov Instability 

 In ICF, mass ablation occurs at the ablation front near the surface of the target, 

which is susceptible to the RM instability during the shock-transit phase of the 

implosion.[43,67]  Similar to the ablative RT instability presented in section 2.2, the 

physics of the ablative RM instability are derived by including thermal conductivity 

in the fluid instability treatment.  In the case of the ablative RM instability, the 

fundamental effect is a stabilization due to a dynamic overpressure driven by 

variations in heat flux on the perturbation surface between modulation peaks and 

valleys.  This leads to a restoring rocket effect that reduces (or even completely 

quenches) modulation growth.  The full derivation of this effect is presented by V. 

Goncharov.[43,67]  Results from that work are summarized here.  The amplitude of a 

modulation subject to the ablative RM instability is derived analytically, 
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∫ ∫
 (2.36)

where a blk V Vω = , where aV  is the ablation velocity and blV is the blow-off velocity, 

1c is the post-shock sound speed, and mJ is the Bessel function.  The contribution to 

the growth due to vorticity effects is given by 
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where 0/s sM U c= is the shock Mach number, 1M is the post shock Mach number 

and 1

0

R ρ
ρ

= .  The remaining expressions are given by 

 0 11 (1 3 ) (0),N Y να η= + + −  (2.38)

 

 01
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'(1 ) 2 2 (1 3 ) 3 (0) ,a
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VY cN N Y
V kVV V ν

ηβ η
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 (2.39)
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 1
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and 
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 (2.43)

The detailed derivation of these expressions can be found in the work by Goncharov 

et. al.[43,67]  Equation 2.36 shows that the perturbation will oscillate in time with the 

frequency ω  while the amplitude is damped by 2 akV te− .  Figure 2.7 shows a plot of the 

ablation front amplitude for a 40-μm thick plastic (CH) target with 60, 30 and 20-μm  
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Figure 2.7.  The evolution of a modulation subject to the ablative Richtmyer-
Meshkov fluid instability [43,67] is shown.  Here, a 40-μm thick CH target is 
irradiated at a peak laser intensity of 5μ1014 W/cm2 with initial modulation 
wavelengths of 60 (solid), 30 (dash), and 20-μm (dotted) normalized to their initial 
amplitudes.  The oscillation frequency is clearly dependent on the wavenumber of the 
modulation.   
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wavelength perturbations normalized to their initial amplitudes calculated using 

equation 2.36.  The damped oscillating behavior of the modulation is evident, as is 

the wavenumber dependence of this phenomenon.  Understanding how ablative RM 

modulations evolve is crucial to the overall stability of a capsule, as they act as a seed 

for ablation front modulations on the surface of an ICF capsule that are subject to the 

faster growing RT instability during the acceleration phase of an implosion.  The 

evolution of the ablative RM instability has been experimentally verified in planar 

laser driven targets by O. Gotchev[68,69] and Y. Aglitsky.[70-72]  Figure 2.8, taken 

from V. Goncharov et al., shows the evolution a 20-μm wavelength sinusoidal 

perturbation on a 40-μm thick CH foil driven at a peak intensity of 4×1014W/cm2 

during shock transit.[43]  The lines show the simulation prediction of the modulation 

evolution using flux limited local electron transport (see Chapter 3) with flux limiters 

of 0.1 (dotted), 0.06 (solid), and 0.04 (dot-dashed), showing good agreement with 

experiment for f = 0.1.   

 

2.9 Perturbed Shock Propagation 

 During the shock transit phase of an implosion, perturbations evolve at the 

shock front, imprinting a modulation onto the rear surface of the target at shock 

breakout.  A perturbed rarefaction wave is launched to the ablation front of the target 

that can act as a seed for the ablative RT instability at the rarefaction breakout time 

(when the target begins to accelerate).  The behavior of a perturbed shock during the  
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Figure 2.8.  The evolution a 20-μm wavelength sinusoidal perturbation on a 40-μm 
thick CH foil driven at a peak intensity of 4×1014W/cm2 during shock transit is 
plotted.  The lines show the simulation prediction of the modulation evolution using 
flux limited local electron transport (see Chapter 3) with flux limiters of 0.1 (dotted), 
0.06 (solid), and 0.04 (dot-dashed), showing good agreement with experiment for f = 
0.1.  Figure taken from V.N. Goncharov et al.[43]   
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shock transit time is described by Wouchuk et al.[73] and Goncharov et al.[43]   The 

expression for the perturbed shock amplitude is 

 
2

0 22
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2( 1)( ) ( ),
3 1
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s s
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MJ r J r
M

η
η

+= +
+

 (2.44)

where sM is the shock Mach number, 2
1 11sr kc t M= −  and 1 1 1/sM U c= .  Figure 2.9 

shows a plot of 0/sη η  for a 40-μm thick planar plastic (CH) target with 60, 30, and 

20-μm initial perturbation wavelengths, demonstrating a damped oscillatory behavior 

similar to what is observed in the case of the ablative RM instability.   

 

2.10 Modulation Feedout 

 When the shock breaks out of the rear surface of the target shell, a rarefaction 

wave is launched at the post shock sound speed towards the ablation front of the 

target, leading to the acceleration of the target when the rarefaction breaks out of the 

front surface of the shell.  If the rear surface of the target and/or the shock front are 

perturbed, this perturbation can be imprinted onto the ablation surface of the target at 

rarefaction breakout – seeding the acceleration driven RT instability.  This is of 

critical importance to the overall stability of a spherical cryogenic DT/D2 direct drive 

target where the largest surface roughness is found on the inner surface of the 

cryogenic ice shell of the target.  The physics of this modulation feedout is described 

by R. Betti [44], where the underlying physics relies on the fact that peaks in the 

perturbed rarefaction wave will breakout of the front surface of the target prior to the  
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Figure 2.9.  The evolution of a perturbed shock front during the shock transit time of 
the implosion is shown.  A 40-μm thick CH foil was irradiated at a peak laser 
intensity of 5μ1014 W/cm2 with initial modulations of 60 (solid), 30 (dashed), and 20-
μm (dotted) wavelengths.  Modulations of all wavelengths behave as damped 
oscillators, with the modulation wavenumber determining the oscillation frequency 
(for equivalent drive/target conditions).   
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valleys and thus peaks will being to accelerate prior to valleys, leading to modulation 

growth prior to the overall acceleration of the entire ablation front (where the ablative 

RT instability dominates).  The amplitude of the front surface modulation can be 

broken up into 2 oscillatory modes, +Δ  and −Δ  that satisfy the ordinary differential 

equations 

 ( ) ,kg t± ±Δ = ± Δ  (2.45)

where k is the modulation wave number and ( )g t is the acceleration.  The amplitude 

of the modulation at the front surface is  

 ,fs
+ −Δ = Δ + Δ  (2.46)

while the amplitude of the rear surface is given by 

 (1 ) (1 ),rs ps pskd kd+ −Δ = Δ − + Δ +  (2.47)

where psd  is the post-shock target thickness.  Conditions at rarefaction breakout and 

the asymptotic behavior are used to modify equation 2.45 to include the transient 

behavior of the rarefaction wave breakout, yielding   

 0 0( ) /
( ) ,

2
fs fs

fs

g g t d
kg t

δ
± ±

⎡ ⎤− Δ⎣ ⎦Δ = ± Δ +  (2.48)

where k is the modulation wave number, fsg is the free surface acceleration, 

0 0( / )fs fsg g dδ = − ∂ ∂ Δ  is the exact perturbed acceleration, 0Δ is the initial rear surface 

modulation amplitude, and 0d  is the initial thickness of the shell.  For a square pulse, 

the value of the acceleration of the front surface is a maximum at the rarefaction 

breakout time, given by 
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where ap is the ablation pressure and 0ρ is the initial density.  Later in time, the 

acceleration approaches the steady state value of 

 
0 0

( ) ,a
fs rb

pg t t
dρ

> =  (2.50)

where rbt  is the rarefaction wave breakout time.  In the experiments considered in this 

work, the rear surfaces of the targets are very smooth compared to the perturbed front 

surface, so the bulk of the feedout effect comes from the perturbed shock launched 

during the shock transit time of the implosion.  Due to the decay behavior of the 

perturbed shock, the effect of feedout on the seed for the ablative RT instability was 

found to be negligible (< 1% effect). 

  

2.11 Complete Instability Treatment 

 This work focuses on the evolution of modulations in planar foils during the 

acceleration phase of the drive to better understand how modulations evolve in the 

shell of an ICF capsule during the acceleration phase of the implosion.  Experimental 

measurements of the modulations are made in a face-on configuration (Chapter 4) and 

thus contributions to the perturbation at any depth in the target plays a role in the final 

observation.  Figure 2.10 shows schematically the evolution of ρR modulations in a 

planar foil.  This section provides a sequential picture of which instability effects are 

relevant at different times during the experiment. 
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Figure 2.10.  A schematic of the different stages of a ρR perturbation evolution in a 
planar drive foil is shown.  Time is shown increasing from t1 to t5.  The complete 
modulation in the target is presented for shock transit (a), breakout (b), rarefaction 
transit (c), rarefaction breakout (d), and acceleration (e).   
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2.11.1 Shock Transit 

 Immediately after the laser turns on and prior to target acceleration a 

perturbed shock is launched.  Fig. 2.10.a shows a schematic of the ρR modulation 

during the shock transit time of the drive.  At this stage in the experiment, the front 

surface of the target is subject to the ablative RM instability (Section 2.8) while the 

interior of the target is subject to a perturbed shock (Section 2.9). 

2.11.2 Shock Breakout 

 When the shock reaches the back of the target, it breaks out into the free 

surface on the backside of the target.  Fig. 2.10.b shows a schematic of the ρR 

modulation during breakout.  During this stage, the front surface is still subject to the 

ablative RM instability (Section 2.7) while the rear surface of the target is subject to 

the classical RM instability (Section 2.6). 

2.11.3 Rarefaction Transit 

 When the shock breaks out of the rear surface of the target, a perturbed 

rarefaction wave is launched at the compressed target sound speed towards the front 

of the target.  Fig. 2.10.c shows a schematic of the ρR modulation during the transit of 

the rarefaction wave.  During this stage, the front surface continues to be susceptible 

to the ablative RM instability, while the rear surface perturbation continues to grow 

according to the classical RM instability.   
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2.11.4 Partial Rarefaction Breakout 

 Modulation feedout occurs at the front surface of the target when the 

rarefaction partially breaks out of the front surface of the target (Section 2.9).  Fig. 

2.10.d shows a schematic of the ρR modulation during rarefaction breakout.  The 

approximate time that this modulation has to evolve prior to full target acceleration is 

~ 02 / scΔ where the variables are defined in Section 2.9.   

2.11.5 Acceleration  

 After the rarefaction completely breaks out of the front surface of the target, 

the target begins to accelerate and the front surface is susceptible to the ablative RT 

instability (section 2.2).  Fig. 2.9.e shows a schematic of the ρR modulation during 

target acceleration.  Because the ablative RT instability is a much faster growing 

instability than the others in the problem, it quickly dominates the overall 

perturbation hydrodynamics and is considered the only growth effect after target 

acceleration occurs.  However, the previous stages of the target hydrodynamics play a 

critical role in setting the initial modulation conditions for RT growth phase and are 

crucial to understanding the physics of these experiments in completeness. 

 

2.12 Summary 

 To achieve ICF thermonuclear ignition it is essential to maintain target 

integrity throughout the implosion to produce the required low density central hot 

spot.  This Chapter discussed the evolution of fluid instabilities that potentially 



2.12 Summary 62 
 

compromise target integrity.  During the shock transit of the implosion, the ablative 

RM instability dictates the modulation evolution at the target ablation front while a 

perturbed shock traverses the target.  At shock breakout, the perturbed shock imprints 

a ρR modulation on the rear of the target shell seeding the classical RM instability.  A 

perturbed rarefaction wave rebounds towards the ablation front of the target before 

breaking out, imprinting an additional feature on the already unstable ablative RM 

ablation front.  The target then accelerates and the ablation front is subject to the 

ablative RT instability.  During the target deceleration, the surface between the target 

core and shell is subject to the ablative RT instability.  If ρR modulations reach an 

amplitude comparable to the shell thickness, the cold, dense shell with mix with the 

hot, light core, quenching the desired target hot spot and preventing thermonuclear 

ignition.   
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3. Thermal Transport in Direct-Drive ICF 

 

3.1 Introduction to Laser-Plasma Interactions 

 In direct drive ICF, solid targets are irradiated by overlapping laser beams 

with a total intensity up to ~ 1015 W/cm2.  Nearly instantaneously after the target is 

irradiated, the material begins to ionize and a plasma is formed.[19]  The target 

hydrodynamics are driven by the laser-plasma interactions.  Laser light incident on a 

plasma can be simplified into 3 processes; refraction, reflection, and absorption.  

Figure 3.1, adapted from R.P. Drake, illustrates these processes.[19]  As the light 

penetrates the plasma with a density gradient ( )ρ∇  it is refracted until it reaches a 

density at which it is reflected.  The light is absorbed along the entire path.  The 

details of this interaction can be extracted from fundamental light wave propagation, 

 
 

2
2 2

2 4 ,tc c
t

π∂ − ∇ =
∂
A A J  (3.1)

where A  is the vector potential, c  is the speed of light, and tJ  is the transverse part 

of the current density.  Here we follow the derivation by R.P. Drake for a light wave 

at normal incidence to the plasma density gradient.[19]  Eq. 3.1 indicates that the 

effect of a plasma on a light wave is dictated by the current density in the plasma 

( )tJ .  The current density can be found using the continuity and conservation of 

momentum equations from the two-fluid treatment of the plasma, where ions and 
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Figure 3.1.  The fundamental interactions of laser light with a plasma is depicted.  
The incident laser is refracted in a plasma with a density gradient ( ) ρ∇  until it 
reaches its reflection surface.  The laser light is absorbed along the entire path.  
Figure taken from R.P. Drake.[19] 
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electrons act independently and are treated as separate fluids.  These equations can be 

written as 

  ( ) 0n n
t

∂ + ∇ ⋅ =
∂

u  (3.2)

and 

 
 ( )

,

,j l jl
j l

mn mn nq p mn
t c

ν∂ ⎛ ⎞+ ⋅∇ = + × −∇ − −⎜ ⎟∂ ⎝ ⎠
∑u uu u E B u u  (3.3)

where m  is the mass, n  is the density, u  is the fluid vector, q  is the charge and p  

is the pressure, all which can be written with subscripts for each species.  The 

summation term in Eq. 3.3 
,

( ) )( j l jl
j l

mn u u ν− −∑  is the momentum transferred due to 

collisions among different species denoted by the subscripts j  and l .  Laser 

interactions with plasmas are dominated by the electron fluid because electrons 

respond much more rapidly to an incident laser than the much heavier ions.  The 

momentum equation for the electrons can be written 
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where e  is the charge of an electron and ejν   is the electron-ion collision frequency, 

with the subscript j  representing the different ion species.  This equation can be 

simplified under the assumptions that ion velocities are much smaller than electron 

velocities and that the transverse component of the pressure gradient is small, 
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where /os ee m c=v A  is electron oscillation velocity in the light wave.  For the 

experiments discussed in this work, the electron thermal velocity is significantly less 

than the speed of light.  This allows equation 3.5 to be linearized.  The plane wave 

approximation is used so eu  varies as 0i te ω− .  The spatial variation in A  is 

sufficiently small that terms involving the curl may be neglected.  This gives the 

result 

  
0

1 ,
1 /e os

eiiν ω
=

+
vu  (3.6)

where 

  6
3/23 10 Λ ,e

ei
e

n Zln
T

ν −= ×  (3.7)

where en  is in cm3, eT  is the temperature in eV and lnΛ  is the Coulomb logarithm.  

The electron fluid velocity is used to determine the transverse current density of the 

plasma, 
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.
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t e

ei
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iν ω

= −
+

vJ  (3.8)

Plugging this result into Eq. 3.1 yields the dispersion relationship 
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where peω  is the electron plasma frequency, 
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and k  is the wave vector of the propagating light.  From the dispersion relationship, 

0k →  as 0 peω ω→  which creates a reflecting surface, or critical surface, for a laser 

at normal incidence to a plasma where L peω ω= .  A normally incident laser will 

deposit energy into the plasma up to the critical density in the plasma, given by 

 
 

2 21
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1.1 10 ,e
c

L L
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e

π
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−×= =  (3.11)

where Lλ  is the wavelength of the laser light in mμ , where it will then be reflected.  

In the case where the laser light is incident obliquely to the plasma density gradient, 

the density of the effective reflection surface is reduced, 

  2cos ,e cn n θ=  (3.12)

where θ  is the angle between the laser wave vector and the plasma density gradient   

( 0θ = °  is normal incidence).[16,19]  Along the entire light path, some photons are 

absorbed by electrons in the plasma, known as inverse bremsstrahlung or collisional 

absorption.[74]  In direct-drive ICF, collisional absorption is the dominant energy 

deposition mechanism.  The laser energy is deposited into the electrons in the plasma 

in a local region just outside of the critical surface, which creates a distribution of 

thermal electrons that transport energy past the critical surface into higher density 

regions of the target, creating the ablation front required for inertially driven target 

acceleration, as discussed in Chapter 1.  Figure 3.2 shows a typical electron density 

profile driven by collisional absorption from a simulation  
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with a 0.351-μm wavelength laser at an intensity of 1015 W/cm2 , taken from R.P. 

Drake.[19]  The figure shows the region of laser collisional absorption, plasma 

expansion into the corona of the plasma, electron thermal transport, and the target 

ablation front.   

 

3.2 Electron Thermal Transport 

 In direct-drive ICF, electrons are the primary channel for the transfer of laser 

energy into kinetic energy of the target.  Electron thermal transport is critical to the 

hydrodynamics of imploding targets in ICF and is an area of current research.[75-78] 

A brief summary of the electron transport fundamentals relevant to this work are 

presented.  For a more complete treatment of thermal transport, the reader is 

encouraged to explore the plethora of material available.[5,6,16,18,19,79]   

 The thermal transport of electrons relies on summing the energy contributions 

of each individual electron in the bulk distribution.  Here we follow the development 

of the classical Spitzer-Harm[80] transport by R.P. Drake[19] and W.L. Kruer.[16]  

Considering a group of electrons with a distribution function given by ( )f v , the heat 

flux, Q, along the z-direction is 

 
 ( )2 31 .

2 e zQ m v v f d v⎛ ⎞= ⎜ ⎟
⎝ ⎠∫ v  (3.13)

In the case where ( )f v  is symmetric in zv , Q=0 and no energy is transferred.  ICF 

electron distributions are nearly Maxwellian, though slight asymmetries in the 

distribution allow for the transport of heat by electrons.[19]  Even a purely 
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Maxwellian distribution subject to a spatial temperature gradient will develop 

asymmetries in zv , allowing energy to be transferred by electrons.[19]  The 

distribution function can be written in Legendre polynomials in spherical coordinates, 

given by 

  ( ) ( ) ( )0 1 cos ,f v f v f v θ= +  (3.14)

where 0 ( )f v  is a Maxwellian and 1( )f v  is a small asymmetry.  The Maxwellian 

distribution is given by 
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where Bk  is the Boltzmann constant and eT  is the electron plasma temperature.  To 

find an expression for 1( )f v  to complete the integration in Eq. 3.13, the Boltzmann 

equation is used, 
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s v s
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f ff f
t m t

∂ ∂⎛ ⎞+ ⋅∇ + ⋅∇ = ⎜ ⎟∂ ∂⎝ ⎠

Fv  (3.16)

where F  is the sum of all forces acting on each particle and v∇  is a gradient operator 

in velocity space.[81]  The ( )/
C

f t∂ ∂  (collisional) term can be expressed in terms of 

the electron-ion collision rate using a relaxation rate[82], giving 
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 (3.17)

where W  is defined for algebraic convenience.[19]  For the case where the electron 

distribution is purely Maxwellian the collisional operator is 0.  Substituting 3.15 and 



3.2 Electron Thermal Transport 71 
 

3.17 into the Boltzmann equation (Eq. 3.16) and keeping only terms proportional to 

cosθ  yields 

  ( )0 01
13 .

e

f ff eE Wv f v
t z m v v

∂ ∂∂ −+ − =
∂ ∂ ∂

 (3.18)

The effects of  magnetic fields are ignored, a reasonable assumption in most direct-

drive ICF experiments.[19]  Requiring that the net current flow in the z-direction be 0 

( )0zJ =  yields 4 /B eeE k T z= − ∂ ∂ .  Plugging this in to Eq. 3.18 gives 
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Equation 3.13 can be integrated, giving the Spitzer-Harm heat flux, 
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 (3.20)

where thκ  is the heat transport coefficient.  The work by Kruer[16] indicates that Eq. 

3.20 overestimates the heat flux by excluding electron-electron collisions and 

multiplies thκ  by a correction factor, given by ( ) ( ) 11 3.3 /g Z Z −= + .  The Spitzer-

Harm heat flux is a good approximation for electron heat transport, but is limited by 

the expansion in Eq. 3.14, as the derivation assumed 1 0f f .  1 0/f f  can be written 
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where /mfp th eivλ ν=  is the electron mean free path, /T e eL T T= ∇  is the temperature 

scale length and /th B e ev k T m=  is the thermal velocity.[19]  Figure 3.3, taken from 

R.P. Drake[19], shows the normalized distribution ratio plotted as a function of the  
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Figure 3.3.  The normalized electron distribution ratio plotted as a function of the 
normalized velocity for the Spitzer-Harm heat flux model is shown.  The curve shows 
a peak between 2 and 2.5, indicating that the bulk of the electron heat transport is 
occurring for electrons with velocities 2 to 2.5 times the thermal velocity.  The sharp 
negative turn at higher velocities indicate a breakdown in the assumption made in the 
derivation.  Figure taken from R.P. Drake.[19] 
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normalized velocity.  The curve shows a peak between a normalized velocity of 2 and 

2.5, indicating that the bulk of the electron heat transport occurs for electrons with 

velocities 2 to 2.5 times the thermal velocity.  In this region, 1 0/ ~ 30 /mfp Tf f Lλ , 

giving an effective region of use for the Spitzer-Harm transport model of [19] 

  30.T

mfp

L
λ

 (3.22)

 The fundamental limitation of the Spitzer-Harm model is rooted in the use of 

the Boltzmann equation, Eq. 3.16, to derive the electron distribution.  A more 

complete analysis can be done using the Vlasov-Fokker-Planck equation. The reader 

is encouraged to explore the work by A.R. Bell and the references therein for an in 

depth description of this approach to thermal transport.[83]  This is a much more 

complete treatment of the thermal transport problem with a significant increase in 

complexity.  To implement Fokker-Planck transport requires in-depth and time 

consuming simulations.[19]  In lieu of this approach, thermal transport in ICF 

frequently uses a flux-limited transport model.[79]  This model assumes that the heat 

flux is given by the minimum of the Spitzer-Harm heat flux ( )SHQ  and a fraction of 

the free streaming heat flux, e B thn k Tv , where energy is transported at the thermal 

velocity of the electrons, 

  ,FS e B e thQ f Q f n k T v= × = ×  (3.23)

where f  is the flux limiter.[19]  This allows the flux limiter to be adjusted for a 

particular problem in such a way that the heat transport closely resembles the 

complete Fokker-Planck treatment, typically taking values from 0.01 to 0.1.  
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Computational time is greatly reduced with the flux-limted model compared to the 

full Fokker-Planck treatment. 

 The flux-limited model has a fundamental issue in that it only includes 

transport effects of local electrons, meaning electrons that exist in a relatively narrow 

energy region in a Maxwellian-like distribution that deposit their energy over a very 

short range near their formation.  In experiments with a strong temperature gradient, 

higher energy electrons deposit energy over a larger distance than is considered using 

a model that considers the local electrons due to their larger mean free paths.  These 

electrons carry energy deep into the cold dense region of the target and can 

significantly alter the targets hydrodynamics if they exist in a significant quantity.[19]  

Under these conditions, a more complete Fokker-Planck treatment is needed to 

describe the non-local nature of the transport.   

 

3.3 Preheat 

 One of the keys to achieving thermonuclear ignition in the laboratory 

environment is to compress the capsule to the desired density while using the lowest 

possible driver energy.  A target that has a lower adiabat (entropy) is easier to 

compress than a target on a higher adiabat, so much care is taken in target and pulse 

shaping design to minimize the adiabat to achieve the required compression while 

maintaining the implosion velocity required to achieve ignition.[24] In ICF, the 

adiabat of the target is defined as the target pressure normalized to the Fermi 
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degenerate pressure at the same density, the minimum pressure allowed for an ionized 

gas, given by 

  2 ,
5
e F

F
nP = ε  (3.24)

where en  is the electron density and ( )( )2/32 2/ 2 3F B F ek T m nπ= =ε  is the Fermi 

energy.[6]  In terms of ICF quantities, it is convenient to define the relation for the 

adiabat, 

  5/3~ ,
F

P P
P

α
ρ

=  (3.25)

where P  is the pressure and ρ is the density.  Substituting this in to the work equation 

for compressing a gas yields 
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∫ ∫  (3.26)

where M  is the shell mass and ρ2 and ρ1 are the compressed and uncompressed 

densities, respectively.  From Eq. 3.26, the higher the adiabat (α), the more work 

required to compress the target from an initial density, ρ1, to the desired density, ρ2.   

In ICF, the target may be preheated either by hot electrons or x-rays that penetrate the 

target beyond the ablation front, heating the cold, high density shell or even 

penetrating the fuel at the center of the target.  If the shell is preheated, the density 

profile will respond to the increased thermal energy by expanding in space, 

decreasing the peak density at the ablation front and increasing the density scale 

length.  Figure 3.4 shows a typical shell density profile overplotted with the same  
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Figure 3.4.  A density profile schematic of a typical ICF target shell is plotted (black 
line) with a preheated density profile overplotted (red line).  The energy absorbed by 
the preheated target causes the density profile to expand in space, resulting in a 
decrease in the peak density and an increase in the ablation front density scale length.  
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profile that is subject to preheating.  According to Eq. 3.25, the adiabat of the shell 

increases as density decreases, reducing the amount of compression provided by a 

fixed amount of laser energy (work).  This has been demonstrated experimentally in 

spherical implosions on the OMEGA laser, where hot electrons preheated spherical 

cryogenic implosions, resulting in decreased compression that was observed by a 

significant reduction in the areal density ( )Rρ  compared to predictions.[84]  In 

contrast, spherical experiments performed in the intensity/material regime where the 

amount of preheat was reduced with careful adiabat shaping yielded the highest 

experimentally measured cryogenic implosion ρR to date, 300 mg/cm2.[85]   

 

3.4 Hot Electron Generation in ICF 

 One of the primary sources of preheat in ICF implosions is hot electrons.[16]  

Hot electrons have a characteristic temperature on the order of 100 keV.  Unlike the 

thermal electrons described in section 3.2, hot electrons penetrate deep into the target, 

depositing energy beyond the ablation surface, preheating the un-shocked portion of 

the target.  The presence of hot electrons can be observed experimentally by the 

presence of hard x-rays ( 40keVE > )[86] emitted by the electron interaction with 

target ions; derived directly from Maxwell’s equations by Lienard and Wiechert 

(Lienard-Wiechert potential).[8]  Compromised target compression in spherical 

implosions with low Z ablators can indicate the presence of hot electrons.[84]  Hot 

electrons have three primary sources in direct-drive ICF experiments, non-local 

electrons from collisional absorption, supra-thermal electrons generated by laser 
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plasma instabilities at densities well below the critical density, and those generated by 

resonance absorption at the critical surface.[16,19] Non-local electrons were 

discussed in Section 3.2. 

 

3.5  Laser Plasma Instabilities 

 Hot electrons produced by laser-plasma instabilities can cause preheating of 

an ICF capsule, compromising target compression.  The underdense plasma before 

the critical surface hosts a variety of plasma waves that can couple to the incident 

laser light.[19]  In some cases, the coupling is unstable, resulting in large waves that 

are capable of producing hot electrons and laser scattering to affect the 

hydrodynamics of the target.  This thesis focuses on the two-plasmon decay 

instability, which produces supra-thermal electrons.  The reader is encouraged to 

explore the work by W.L. Kruer for a more complete treatment of laser plasma 

instabilities.[16]   In relatively uniform plasmas, these instabilities can be found at 

intensities and wavelengths above the threshold 
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where LI  is the laser intensity and Lλ  is the laser wavelength.[6]  This threshold can 

be lowered by the presence of temperature and density gradients in the under-dense 

region of the plasma.[16,87]  Here we follow the treatment presented by S. Atzeni[6] 

for parametric instabilities in a uniform plasma.  The physics of parametric laser 
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plasma instabilities can be described using the equation of motion of an electron fluid 

in an electric and magnetic field, 

 
 ,e

e e e L L e
enm n en p

t c
∂ ⎛ ⎞⎛ ⎞+ ⋅∇ = − − × − ∇⎜ ⎟ ⎜ ⎟∂⎝ ⎠ ⎝ ⎠

v v v E v B  (3.28)

where em  is the electron mass, en  is the electron density, v  is the fluid velocity, ep  is 

the thermal electron pressure, and LE  and LB  are the laser electric and magnetic 

fields, respectively.[6]  The electron pressure is given by 

  ,e e B ep n k T=  (3.29)

where Bk  is the Boltzmann constant and eT   is the electron temperature.  The 

derivation of the parametric laser plasma instabilities is best illustrated by first 

deriving the pondermotive force. 

 To derive the pondermotive force, we consider the special case of a standing 

laser wave with an electric field given by 

  ( )1 cos .L Ltω=E E r  (3.30)

The magnetic field can be derived using Maxwell’s equation, / t c∂ ∂ = − ∇ ×B E , 

giving 

 
 1 sin .L L

L

c tω
ω
⎛ ⎞

= − ∇×⎜ ⎟
⎝ ⎠

B E  (3.31)

Writing the electron velocity as 1 2= +v v v  and solving Eq. 3.28 to first order in time 

gives  
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  1 1 sin .L
e L

e t
m

ω
ω

= −v E  (3.32)

This allows the non-linear terms in Eq. 3.28 to be written 
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and 
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2
2

1 1 12 sin .L L
e L

e e t
c m

ω
ω

⎛ ⎞− × = − × ∇×⎜ ⎟
⎝ ⎠

v B E E  (3.34)

After some manipulation, Eq. 3.28 can be written 

  ,e e e L pondm n en
t

∂ ≅ − +
∂
v E F  (3.35)

where pondF  is the pondermotive force, given by 

 
 ( )

22
1

2 1 cos 2 ,
16

pe
pond L

L

t
ω

ω
ω π

= − ∇ −
E

F  (3.36)

which is a derived force acting on the electron fluid.  The pondermotive force has a 

time dependent oscillation at twice that of the laser frequency and when averaged 

over the oscillations, gives 

 
 

22
1

2 ,
16

pe
pond

L

Eω
ω π

= − ∇F  (3.37)

which has the physical manifestation of pushing electrons away from areas of high 

intensity.  The non-linear terms in Eq. 3.28 that give rise to the pondermotive force 

are essential in the derivation of parametric laser plasma instabilities.[6] 
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 To extend the analysis to parametric laser plasma instabilities, the electric and 

magnetic fields in Eq. 3.28 are modified to include other waves such as electron 

plasma waves or scattered light.  These waves will take the form 

  ( ) ( )0 0, cosm m mE r t E r φ=  (3.38)

where  m m mtφ ω= ⋅ −k r  are the phases of the excited waves, each denoted by the 

subscript m .  Plugging these into eqn 3.28 yields coupled non-linear terms of the 

form 1 2sin sinφ φ⋅  that can potentially interact with the incident laser light given the 

appropriate phase matching conditions.  These resonance conditions can be written as  

  1 2Lω ω ω= +  (3.39)

and 

  1 2L = +k k k  (3.40)

and can be interpreted as the conversion of an incident photon into two other waves.  

The dispersion relations governing each specific conversion path can be found in 

W.L. Kruer[16] and the references listed therein.  The following section focuses on 

the two-plasmon decay instability, as it is relevant to the work presented in this 

manuscript. 

  

3.6.  The Two-Plasmon Decay Instability (2wp) 

 The laser instability analysis described in Section 3.5 gives rise to the two-

plasmon decay instability (2wp).  The instability occurs when an incident light photon 

decays into two electron plasma waves, 
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  L pe peω ω ω= +  (3.41)

where Lω  is the laser frequency and peω  is the electron plasma frequency.  Figure 3.5 

shows the decay path for a photon that creates two electron plasma waves.  Solving 

for the density where the dispersion relation is satisfied yields 

  2 4p

cnn ω ∼  (3.42)

where cn  is the critical density as defined in Eq. 3.11.  As these electron plasma 

waves grow, they accelerate electrons to energies that can preheat an ICF target, 

increasing the adiabat and compromising target compression.[88]  The 2ωp instability 

produces scattered light at frequencies of half integer harmonics of the laser 

frequency, ωL/2 and 3ωL/2 via Thompson scattering of the driven plasma waves.[16]  

The 2ωp instability threshold is given by 

 
 

14

2 230p
e

I L
Tωσ =  (3.43)

where 14I  is the laser intensity (in units of 1014 W/cm2), L  is the electron density 

scale length (in units of μm) and eT  is the electron temperature (in units of keV) – all 

evaluated at the 4
cn surface of the plasma.[16,87]  A plasma is susceptible to the 2ωp 

instability when σ2ωp is greater than 1.  The presence of hot electrons produced in 

plasmas at conditions where the 2ωp instability is present has been experimentally 

verified using a time resolved hard x-ray detector on OMEGA.[89]  Experiments have 

shown the presence of scattered ωL/2 and 3ωL/2 light when the 2ωp threshold is 

exceeded, demonstrating that the 2ωp instability needs to be  
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Figure 3.5.  The dispersion diagram for the two-plasmon decay instability is shown.  
Incident laser light (solid red line) decays into two electron plasma waves (dashed 
blue lines) generating supra-thermal electrons.  Figure adapted from S. Atzeni.[6] 
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considered as a source of hot electron preheat when hydrodynamic and laser 

parameters approach the 2ωp instability threshold.[90]   

 

3.7 Resonance Absorption 

 Laser light obliquely incident on a plasma with a density gradient along the 

axis of incidence is subject to resonance absorption when the laser is p-polarized, 

having a non-zero electric field component perpendicular to the critical surface, along 

the direction of the density gradient.[6]  This allows for the separation of positive and 

negative charges.  Beams incident at an angle α  with respect to normal incidence 

reach a turning point in the plasma given by 

  2sin ,z L α= − ⋅  (3.44)

where L  is the density scale-length and 0z =  denotes the critical surface of the 

plasma (where 0 peω ω= ).[6]  Although the beam is reflected before reaching the 

critical surface, the electric field can tunnel through to it, resonantly exciting electron-

plasma waves, resulting in the production of hot electrons.  The absorption rate 

depends only on  

  ( )2/3 2sin ,q kL α= ⋅  (3.45)

where k  is the laser wavenumber.[6]  Figure 3.6, taken from S. Atzeni[6], shows the 

numerically calculated resonance absorption fraction as a function of q , showing a 

maximum absorption of 0.49 at 0.5q = , also presented by Kruer[16] and 

Ginzburg.[91]  
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3.8 X-ray Double Ablation Fronts 

 Another potential source of target preheat is the absorption of soft x-rays (E < 

2 keV) that are produced in targets with a reasonably high Z, such as the silicon lines 

in SiO2 (glass).  These targets have a unique density profile showing two unique 

ablation fronts, the typical electron driven ablation front discussed in section 3.2 and 

an additional x-ray driven ablation front deeper into the high density region of the 

target.  Figure 3.7, adapted from J. Sanz[92], shows a schematic of this double 

ablation front density profile in a planar target driven by a laser from right to left.  

The typical electron ablation front is seen at the front of the target while soft x-rays 

set up a second radiation driven ablation front deeper in the target.  Preheat of this 

form is less detrimental to the capsule implosion than the hot electron preheat 

discussed in the previous sections, as it leaves a large peak in the density profile 

(compared to the peak reduction predicted in the case of hot electrons), so the target 

adiabat is not significantly increased by soft x-ray preheating.  A high Z ablator such 

as SiO2 may be more robust to the Rayleigh-Taylor instability when compared to a 

target with no preheat as the ablation velocity increases due to the decreased density 

at the electron ablation front (see Section 3.9).  This phenomenon has been 

experimentally measured in CH targets doped with Br, where x-rays from Br setup an 

x-ray ablation front in the target, reducing the observed RT growth compared to 

regular CH targets. [93,94]   This led to a desire to investigate higher Z materials as 

potential ablators in ICF capsules designed to achieve ignition in direct-drive inertial 

confinement fusion.[95]  X-ray radiation provides an additional hurdle  
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Figure 3.7.  A schematic of the double ablation front density profile found in some 
high Z ablators is shown.  The typical electron ablation front is seen at the front of the 
target while soft x-rays set up a second radiation driven ablation front deeper in the 
target.  Figure adapted from J. Sanz.[92] 
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regarding the simulation of thermal transport in ICF experiments and is currently an 

area of significant analytic and simulation work.[92,96] 

 

3.9 The Effect of Preheat on the RT Instability 

 In general preheat has a detrimental effect on implosion compression due to 

increases in the target adiabat, though it can significantly reduce the RT growth rate.  

This can be seen by considering the two density profiles in Fig. 3.4, and the Betti-

Goncharov expression for the RT growth rate from Section 2.3, 

 
 ,

1 a
m

kg kV
kL

αγ β= −
+

 (3.46)

where α  and β  are constants, k  is the modulation wave number, g  is the target 

acceleration, mL  is the minimum of the density scale length at the ablation front, and 

aV  is the ablation velocity.  In Fig. 3.4, the preheated density profile broadens, 

decreasing the peak density.  This can increase the density scale length, given by 

 
 ,

/m
m

L
d dx

ρ
ρ

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (3.47)

where ρ  is the density and /d dxρ  is the gradient of the density profile, decreases 

/d dxρ , resulting in an increase in mL .  This results in a decrease in the RT growth 

rate, γ .  Recall from Chapter 2 that the ablation velocity is given by 

 
 ,a

aV m
ρ

=  (3.48)
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where am  is the mass ablation rate, which is a function of the laser intensity, and ρ  

is the ablation front density.  In the preheated profile, the density decreases but the 

mass ablation rate remains constant resulting in an increase in the ablation velocity, 

aV .  This decreases the RT growth rate compared to an un-preheated profile.  

Experiments demonstrating this effect in CH targets doped with Br have been 

performed, where x-rays produced by the Br preheat the target and reduce the RT 

growth rate when compared to un-doped targets.[93,94]  In the presence of hot 

electrons, either non-local or driven by laser plasma instabilities, a target can be 

preheated, reducing the modulation growth rate, and even stabilizing the growth of 

some shorter wavelength (larger k) modulations, demonstrating the increase in 

ablation velocity.  This has been shown experimentally by V.A. Smalyuk et. al. on the 

OMEGA laser and will be discussed in more detail in Chapter 6.[97,98]     

 

3.10 Summary 

 This chapter discussed thermal transport of a directly driven ICF target.  Laser 

energy is transferred to thermal electrons through collisional absorption up to the 

critical density.  The electrons deposit energy into the higher density portion of the 

target setting up the ablation front responsible for the rocket effect responsible for the 

targets acceleration.  In many ICF applications it is sufficient to describe the electron 

transport using the minimum of the Spitzer-Harm heat flux and a flux limited free 

streaming heat flux.  Suprathermal electrons not considered in the flux limited local 
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transport model deposit energy in higher density regions, preheating the target and 

reducing implosion efficiency.  These hot electrons are generated by laser plasma 

interactions in the underdense region of the target and are non-local.  In Rayleigh-

Taylor experiments preheat due to hot electrons increases the targets ablation 

velocity, reducing the RT growth rate.  This phenomenon is explored in Chapter 6.   
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4. Experimental Configuration 

4.1.  Introduction 

 In ICF, understanding the evolution of the Rayleigh-Taylor instability is 

critical to designing targets that maintain their integrity to prevent mixing between the 

shell and the core that would result in quenching the target hotspot and preventing 

thermonuclear ignition.[5,6,35,52,60,99-114]  The analytic equations governing the 

instability growth were outlined in Chapter 2.  These predictions must be validated 

experimentally to understand the source of any discrepancies between experiment and 

theory.  For direct-drive fusion targets such as those designed for direct drive 

ignition[15], the evolution of areal density perturbations on the shell of the target 

during the acceleration phase of the implosion can be closely approximated by mass-

equivalent experiments in a planar geometry.  Planar targets with areal densities 

( )Rρ  equivalent to the shell of a spherical target will undergo comparable 1-D 

hydrodynamics, such as acceleration, ablation velocities and trajectories during 

acceleration.  For hydrodynamic instability experiments, planar targets show similar 

growth to imploding shells while the radius of curvature of the shell is large 

compared to the largest modulation wavelength being considered.  This is valid for 

the most dangerous wavelengths in ICF implosions during the acceleration phase of 

direct-drive ignition experiments, 

  ~ 1,k ⋅Δ  (4.1)
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where k  is the modulation wave number and Δ  is the thickness of the shell.[5,6,115]  

When the shell convergence is significant, surface modulation wavelengths are 

reduced, showing different growth behavior than comparable planar 

targets.[111,112,116]  Experiments performed in spherical geometry are used to 

extend the 2-D hydrodynamic simulations used to model planar experiments, making 

them more robust for predicting direct-drive ignition instability hydrodynamics.[116]  

 Initial areal density modulations are either pre-imposed on the targets front 

surface during manufacturing or they are imprinted by non-uniformities in the laser 

intensity profiles.[5,6]  Working in planar geometry allows significant simplification 

of the experimental design and data interpretation and has been used in laser-driven 

hydrodynamic instability experiments for over 2 decades.[52,103,117,118]  Computer 

simulations are an important tool in understanding the hydrodynamic evolution of an 

ICF target.[53,75-77,119-126]  Working in planar geometry allows for the use of 1-D 

simulations to closely approximate the hydrodynamics of a planar experiment – 

allowing for benchmarking of different code parameters without using significant 

system resource time.  The 1-D hydrodynamics of the target can be used in 

conjunction with the theory of RT and RM growth outlined in Chapter 2 to generate 

an analytic prediction of the growth behavior of a target using modest computational 

power.  The modulation evolution can be directly calculated using 2-D 

hydrodynamics simulations that are more computationally intensive but make no 

assumptions about the growth behavior.  This chapter discusses the experimental 

setup of the planar Rayleigh-Taylor experiments described in this thesis, the 
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diagnostics used to characterize areal density modulation evolution and the analysis 

techniques for post processing. 

 

4.2.  Face-on X-ray Radiography 

 The basic technique used for measuring areal density modulation evolution in 

laser driven planar foils is face-on x-ray radiography.[52,103,117,118]  In face-on x-

ray radiography, the drive target is irradiated by backlighter x-rays that are attenuated 

differently depending on the areal-density of the target.  The optical depth associated 

with a particular x-ray path is given by 

 
 

0

,I e
I

τ−=  (4.2)

where I  is the observed intensity through the target, 0I  is the intensity from the x-ray 

source, and τ  is the target’s optical depth along that path.  Figure 4.1 shows a 

schematic of a modulated target with a constant density being x-ray radiographed.  

Peaks (valleys) of the target have a decreased (increased) observed intensity 

compared to the average intensity transmitted through the target resulting in a higher 

(lower) optical depth.  The measured intensity through the target can be written 

 
 

0

,dI e
I

μρ−=  4.3

where ρ  is the target density, d  is the target thickness, and μ  is the mass 

attenuation coefficient.  This allows experimental measurements of target optical 

depth to be converted to physical areal density modulations of the target.  Accurately  
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Figure 4.1.  X-rays radiographing a planar target with a perturbed surface modulation 
are shown.  X-rays with an initial intensity of 0I  enter the target on the right and are 
attenuated differently depending on the portion of the target they traverse.  X-rays 
that penetrate peaks of the target ( pI , green line) are attenuated more than x-rays 
traversing the valleys of the target ( vI , blue line). 
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calculating the mass attenuation coefficient depends on the energy spectra of the 

incident x-rays so backlighter and filter materials must be carefully chosen to ensure 

the narrowest band of x-ray energies reasonably achievable. 

 In face-on radiography, the measured target optical depth is sensitive to 

variations in both thickness and density, as shown in Eq. 4.3.  As outlined in Chapter 

2, the majority of the modulation growth during target acceleration occurs at the 

ablation front.  Early time measurements are sensitive to density perturbations inside 

the target during the shock transit time as well as classical Richtmyer-Meshkov 

growth on the rear surface of the target at shock breakout.  Understanding the 

complete hydrodynamics of the target is crucial to interpreting face-on x-ray 

radiographs and the data must be treated carefully when compared to simulation 

predictions.  The majority of this work deals with modulation evolution at the 

ablation front of the target after acceleration has begun, allowing the measured optical 

depth modulation evolution to be nearly completely attributed to RT growth.  Care 

must be taken when post-processing simulation predictions to ensure that the seed of 

the RT growth phase of the target is accurately reproduced.  The following section 

outlines the x-ray framing camera (XRFC) and the techniques used to accurately 

compare optical depth measurements to the physical quantities outlined by the 

equations governing modulation evolution. 
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4.3.  Experimental Configuration 

 The experiments described in Chapters 5 and 6 have the same fundamental 

experimental configuration.  In planar RT experiments on OMEGA, a planar target 

foil is irradiated by 10-12 overlapping smoothed laser beams, driving the target with 

peak intensities from 1014 to 1015 W/cm2.  The target ablation surfaces are seeded 

with a single mode 2-D modulation, shown in Fig. 4.1.  The seed modulation can be a 

pre-imposed mass modulation, where the surface of the target has a sinusoidal feature 

molded into the surface, or intensity imprinted, where a special distributed phase plate 

(DPP)[127,128] imprints the feature onto the surface of an initially smooth target.  As 

the target is driven, a high Z backlighter foil is irradiated by 10-12 overlapping beams 

at a peak intensity up to 1014 W/cm2.  X-rays generated by the backlighter foil 

traverse the target where they are imaged using a pinhole array in conjunction with a 

time gated x-ray framing camera.[129]  Figure 4.2, taken from D. D. Meyerhofer, 

shows a schematic of the experimental setup described above.[130]  In some cases, a 

debris shield is placed between the backlighter and target to prevent debris produced 

at the backlighter from altering optical depth measurements of the target and acting as 

a filter preventing low energy x-rays from preheating the target.   

 The x-ray framing camera[129,131] used 8-μm pinholes, recording 8 images 

with a temporal resolution of ~ 80-ps at a target magnification of 12.  Figure 4.3, 

taken from D. K. Bradley[131], shows a schematic of an x-ray framing camera.  The 

framing camera consists of a microchannel plate (MCP) coated with a thin gold layer 

acting as the photocathode to convert incident x-rays into electrons.  The MCP acts as  
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a filter in the camera to allow photoelectrons to be imaged while preventing x-rays 

incident on the framing camera from reaching the imaging plane of the detector.  The 

MCP is a thin array of channels oriented at a small angle with respect to the normal 

incidence on the detector.  Temporal gating of the detector is achieved by a high 

voltage transmission line between the gold photocathode and the MCP.  When the 

temporal gate is ‘off’, a reverse bias voltage applied to the photocathode prevents 

photoelectrons from leaving the surface.  A voltage pulse is sent through the 

transmission line between the photocathode and the grounded MCP when the gate is 

‘on’.  The voltage pulse allows photoelectrons to leave the photocathode and creates a 

magnetic field that bends the trajectories of the photoelectrons such that they pass 

through the channels in the MCP and are directed towards the imaging plane.[129]  

The voltage bias on the photocathode determines the electron gain in the MCP with a 

very non-linear relationship ( )9gain V∝ .[131]  The avalanche amplified 

photoelectrons are incident on a phosphor in front of a fiber optic faceplate creating 

photons that are imaged on Kodak T-Max 3200 film.[132]  The film is digitized with 

a Perkin-Elmer PDS microdensitometer[133,134] with a 20-μm square scanning 

aperture.  The MCP has 4 parallel transmission lines that can be triggered (gated ‘on’) 

with unique timing.  This allows a single framing camera to effectively act as 4 time 

gated framing cameras with slightly different lines of sight.  For the experiments in 

this work, the camera is operated in conjunction with an imaging pinhole array.  The 

pinhole projects images onto the photocathode of the framing camera with the 

location of each image corresponding to one of the four MCP strips.  The length of 
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each strip allows multiple images to be captured.  The experiments presented here 

have 2 images per strip with no image overlap.  Unlike the timing of each parallel 

MCP strip, the timing between the images on a single strip are dictated by the transit 

time of the high voltage pulse.  The complete framing camera setup can capture 8 

temporally gated images using 4 different user defined trigger times.  Figure 4.4 

shows an example of the raw data extracted from one of the planar RT experiments 

from an x-ray framing camera.  A 40-μm thick CH target with a 60-μm wavelength 

intensity imprinted modulation is irradiated by 10 overlapping beams by a shaped 

pulse with a peak intensity of 5μ1014 W/cm2 and a duration of ~ 3-ns.  The framing 

camera captures 8 images, increasing in time from bottom-right to top-left.  Images 

sharing the same strip (row) are separated by 116-ps, with the later image being on 

the left.  A larger temporal separation is assigned for the trigger of each strip.  As the 

areal density modulations grow, the contrast between the peaks (black) and the 

valleys (white) increases, resulting in sharper definition of the fringe pattern.  The 

data analysis is outlined in Section 4.5.  

  

4.4.  X-ray Framing Camera Resolution 

  The principle of x-ray radiography relies on the exponential attenuation of 

incident x-rays by the target, as shown in Eq. 4.3.  All aspects of the imaging system 

effect the final measured x-ray signal and must be quantified to extract physical data 

from images such as those presented in Fig. 4.4.  Figure 4.5, taken from V. Smalyuk, 

shows a block diagram of the different components of the  
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Figure 4.4.  An x-ray radiograph for a 40-μm thick CH target with a 60-μm 
wavelength intensity imprinted perturbation driven at a peak intensity of 5μ1014 
W/cm2 with a duration of ~3-ns.  Each of the 8 images is ~ 500-um from top to 
bottom on the target.  The strip trigger time with respect to the start of the drive pulse 
is shown on the right, with timings of 1.9, 2.08, 2.24, and 2.30-ns, increasing from 
bottom to top.  Images appear in 4 columns (2 per strip) – the far right column image 
time is equal to that of the strip.  The subsequent columns are delayed by 58-ps per 
column.  For example, the bottom strip is images taken at 1.9-ns (right) and 2.016-ns 
(left).   
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experimental measurement that affect the final measured x-ray signal and noise.[135]  

These components are the 8-μm pinhole array, the framing camera, the film, and the 

digitization.  Each component of the system contributes to the overall measurement 

by adding noise to the signal and/or limiting the system resolution, characterized by 

each component’s point spread function (PSF).  The extraction of true optical depth 

data from measurements relies on a variety of assumptions as outlined by V.A. 

Smalyuk.[61,135]  The backlighter energy emission has a relatively narrow energy 

bandwidth when properly filtered and remains this way throughout the experiment.  

The spatial shape of the backlighter is relatively smooth and well defined.  This is 

achieved using beam smoothing techniques.[127,136,137]  The mass absorption 

coefficient ( μ ) is assumed to be constant in time, which requires that the target 

temperature remains relatively unchanged for the duration of the experiment.  Given 

the above assumptions, the measured optical depth is related to the target optical 

depth by 

  ( ) ( ) ( ), , ,m sys tD t d R D t= −∫r r' r r' r'  (4.4)

where mD  is measured optical depth, tD  is the target optical depth, and sysR  is the 

system point spread function.[135]  sysR  is the convolution of the point spread 

functions of the pinhole, framing camera, film, and digitization process.  Typically, it 

is easier to work in spatial frequency space, where a point spread function becomes 

the modulation transfer function (MTF).  The MTF of the film is relatively constant 

up to a spatial frequency of 50-mm-1 in the target plane, which corresponds to the 
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smallest perturbation wavelength used in the experiments presented here.[135]  The 

MTF of the entire system was experimentally measured by radiographing an opaque 

edge (machined platinum) and fitting the sharp edge to a two-Gaussian 

distribution,[138] given by 

  ( ) ( ) ( )2 2
1 2

1 2 ,f fsysM f e eσ σα α− −= +  (4.5)

where 1 0.955α = , 2 0.045α = , 1 14.2 mσ μ= , and 2 248 mσ μ= .[135]  Figure 4.6, 

taken from V. Smalyuk, shows the system MTF as well as the components that make 

it up.[135]  The thin solid line represents the measured MTF of the system, the dotted 

line is the calculated system MTF using those of the pinhole (dotted-dashed line), 

framing camera (dashed line), and digitizing aperture (thick solid line).  The pinhole 

and digitization MTF’s can be calculated, while the framing camera MTF was 

experimentally measured by looking at the framing camera response to a 150-μm 

wide slit placed 1-mm in front of the camera and backlit by x-rays.[135]   

 Noise must be considered to extract the true target optical depth.[135]  To 

correct for signal noise, a Wiener filter is constructed using the form 

 
 ( ) ( )

( )
( )

( )

2

21 ,
avg

sys

N fC f
P f

M f C f

⎛ ⎞
⎜ ⎟= −
⎜ ⎟
⎝ ⎠

 (4.6)

where ( )P f  is the true signal, ( )C f is the measured signal, and avgN  is the system 

noise.[135,139]  For a particular wavelength modulation, the system noise is 

characterized by looking at the corresponding frequency component in the direction 

perpendicular to the imprinted or pre-imposed sinusoidal modulation.  This method   
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requires the noise be the same for images taken at all different times, indicating that 

the effect is truly a noise and not a target modulation.  By checking the noise at 

different times it was confirmed that the noise is not growing, which would indicate 

that the feature is susceptible to RT growth and is a true target feature.  For the 

experiments considered in Chapter 6, the signal to noise level is sufficiently large that 

the Wiener filtered image can be reconstructed using only spatial frequencies with an 

amplitude greater than 2μ the noise level.  The experiments in Chapter 5 suffer from 

a much lower signal to noise ratio, so the filtered images include signal from all 

spatial frequencies with amplitudes equal to or greater than the noise level.  These 

images were reconstructed using a narrow band of spatial frequencies around the 

known seed modulation to enhance the signal.   

 

4.5.  Data Analysis Techniques 

 The face-on x–ray radiography data taken for these experiments results in 8 

images of the central region of the target taken at different times during target 

irradiation, as shown in Fig 4.4.  The first step to analyzing each image is to remove 

the spatial intensity shape of the backlighter.  This is achieved by fitting a 333-μm 

square central region of each image to a fourth order surface polynomial that is 

subtracted from the image, leaving only the physical optical depth modulation.  To 

accurately characterize the modulation amplitude evolution for the entire experiment, 

the same area of the target must be analyzed in each image.  This is achieved by using 

a cross correlation function, given by 
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where 1tD  and 2tD  are the images being correlated.[140]  Using this function, the 

maximum value of ( )C r  for 2 identical images that are correctly aligned is 1.  If the 

images are misaligned by some values Δx  and Δy , the peak of the correlation 

function will be offset from the center ( )0=r  by Δx  and Δy .  For images located 

on the same strip of the framing camera Δ 116 t ps= , the time scale is short enough 

that the dominant features found in the earlier image remain in the later image for 

these experiments.  Therefore, images on the same strip can be correlated using Eq. 

4.7.  Figure 4.7 shows two 333 μm square cropped images taken from the raw data 

presented in Fig. 4.4, where the image on the left is taken at 2.016 ns while the image 

on the right is taken at 2.356 ns.  Below the two target images is the cross correlation 

function of the images, showing a peak in the function at the center of the image 

( )0=r , indicating that the images are well correlated.  This process is done 

sequentially for images with the closest time relation, starting with the images taken 

latest in time, until all of the images are cross correlated to the highest precision 

possible.  In practice, there a two major challenges when correlating the data.  First, 

sinusoidal features such as those discussed in this work have a relatively high 

correlation in the direction perpendicular to the fringes anytime the fringes are in 

phase.  The best way to overcome this ambiguity is to find a unique 3-D feature on all 

of the radiographs, usually from some small surface  
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Figure 4.7.  Two 333-μm square images of a 40-μm thick CH target with a 60-μm 
wavelength intensity imprinted perturbation are shown at 2.016 and 2.356-ns into a 3-
ns drive with a peak intensity of 5μ1014 W/cm2.  Below the images, the correlation 
function of the two images is plotted on a normalized red temperature scale where 
black-red is 0 and white-orange is 1.  The brightest point of the correlation function 
occurs at the center of the image, demonstrating good correlation between the images.   
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anomaly on the manufactured target.  This feature can be used to correlate the images 

to a high precision and the distances between the images on the film for the 

correlation regions can be used as a guide for data taken with other targets.  The 

second caution is the possibility of the presence of features generated by local non-

uniformities in the backlighter.  In these experiments, the framing camera is designed 

to look directly at the target, while the backlighter is located 9-mm farther away.  As 

a result, images observed on the backlighter are subject to parallax, resulting in 

significant drifting from image to image of features that are coming from the 

backlighter.  When correlating, it is critical to recognize these features and exclude 

them from the correlation regions as they will significantly skew the true target 

correlation.   

 Once the target images are correlated, each image is processed into an 

integrated lineout by averaging the image parallel to the modulation wavelength.  

Figure 4.8 shows the lineouts generated from the correlated images in Fig. 4.7, with 

the modulation amplitude given in optical depth as a function of on-target distance.  

The pre-imposed wavelength of 60-μm can easily be seen.  A fitting routine is used to 

crop the data to an integer number of wavelengths in preparation for Fourier analysis.  

The absolute value of the fast Fourier transform (FFT) is taken of each lineout 

resulting in the modulation amplitude as a function of spatial frequency ( )1/ λ .  

Figure 4.9 shows the Fourier amplitudes of the two images shown in Fig. 4.7.  Here, a 

peak in the spectrum is clearly observed at a spatial frequency of ~16.7-mm-1, 

corresponding to the initial imposed modulation wavelength of 60 μm.  A second  
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Figure 4.8.  Spatially averaged lineouts of the images of a 40-μm thick CH target 
with a 60-μm wavelength intensity imprinted perturbation are shown at 2.016 and 
2.356-ns into a 3-ns drive with a peak intensity of 5μ1014 W/cm2.  The lineouts were 
generated by averaging the images shown in fig 4.7 along the x-direction. 
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Figure 4.9.  The Fourier amplitudes of a 40-μm thick CH target with a 60-μm 
wavelength intensity imprinted perturbation are shown at 2.016 and 2.356-ns into a 3-
ns drive with a peak intensity of 5μ1014 W/cm2.  The modulation peak occurs at a 
spatial frequency of ~ 16 mm-1, corresponding to the imprinted wavelength. 
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feature ~33.3 mm-1 is barely visible at 2.016 ns, but is clear at 2.356 ns.  This feature 

corresponds to the 2nd harmonic of the 60 μm seed modulation with a wavelength of 

30 μm.   

 Errors associated with the modulation amplitude extracted from the Fourier 

spectra are calculated in two ways – propagation of statistical errors of the lineouts 

shown in Fig. 4.8 through the fast Fourier transform (FFT) and direct calculation by 

analyzing multiple images of the same target.  For the FFT method, the standard 

deviation is calculated on lineouts parallel to the modulation in the same way that the 

image is spatially averaged to create a 1-D lineout.  For the experiments in this work, 

this was found to be constant for each lineout, indicating that the error for each 

measurement in real space was approximately equal to the average of the standard 

deviations of each point in the lineout.  The covariance form of error 

propagation[140] is given by 

 
 ,

T

y d
f fC C
d d

∂ ∂⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠
 (4.8)

where dC  is the covariance of a data set ( )f d  and yC  is the covariance of a 

calculated parameter given from ( )y f d= .  Using this method, the uncertainty of the 

measured 1-D image lineout, ( )I x , is propagated through to the Fourier transform, 

( )F u .  The Fourier transform of the lineout is given by 
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where x is the real-space position and u is the spatial frequency.  This can be written 

as sine and cosine transforms,  

  ( ) ( ) ( ),A BF u F u iF u= −  (4.10)

 where 

 
 ( ) ( )
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and 
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Applying Eq. 4.8 to the cosine transform gives 
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 (4.13)

Using the definition of AF , 

 
 

( )
( )

1 2cos .AF u ux
I x N N

π∂ ⎛ ⎞= ⎜ ⎟∂ ⎝ ⎠
 (4.14)

Since the errors in the image ( )I  are found to be uniform for these experiments, the 

variance in the image can be written as 

  21 ,x N xC σ=  (4.15)

where 1N  is the identity matrix of N N×  dimension and xσ  is the standard deviation 

of each element in the image.  In the experiments presented here, xσ  is calculated by 

taking the standard deviation parallel to the modulation (perpendicular to the lineout 

direction) to calculate an uncertainty correlated to each point in the lineout.  The 
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standard deviations in the lineout were found to be within ± 5% of their average, 

allowing xσ  to be taken as the average of the lineout standard deviations (a constant).  

Using Eq. 4.13, the corresponding error in the Fourier image is given by 

 
 ( )

22 1

2
0

2cos ,
N

x
A

x

uxC
N N

u σ π−

=

⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
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where 
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∑ .[141]  The covariance in the Fourier image can be 

written as 

 
 

2

2
x

AuC
N

σ=  (4.17)

and similarly, 
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N
σ=  (4.18)

where the subscript u  indicates the covariance is in the frequency space domain 

(though the u  dependence is removed through the trigonometric summation identity).  

The uncertainty in the Fourier transform is independent of the frequency component, 

u .  This is the case for our experiments and analysis technique because the Fourier 

transform is dominated by a single spatial frequency whose real space equivalent was 

used to determine xσ .  To apply this method to a more complicated growth structure 

would require significant more care in the development of xσ .   

 An alternative error approach offers a more physical measurement of the 

errors in the Fourier spectrum.  For this method, a single image of the target is 
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processed in multiple slices, typically 4, yielding 4 different FFT’s corresponding to 

the initial image.  These spectra are used to create the average FFT for the target and 

the standard deviation is taken to get the error corresponding to each spatial 

frequency.  This method is particularly useful when a spatial phase shift of the fringe 

pattern seeding the target modulation occurs.  This is sometimes the case in intensity 

imprinted initial conditions, as discussed in the next section.  This analysis approach 

allows phase shifts to by isolated and processed individually.      

  In practice, both methods provide errors within 10% of each other, though the 

direct calculation method requires significantly more image processing and is only 

favored in a situations where the overall analysis will be improved by breaking the 

correlated images into smaller segments.   

  

4.6.  Target Initial Conditions 

 In spherical ICF implosions, features that seed the growth of hydrodynamic 

instabilities are found in the form of imposed areal-density initial conditions on the 

target and/or non-uniformities in the driver intensity profile.  For planar Rayleigh-

Taylor experiments, targets with an initial pre-imposed mass modulation are preferred 

as they have a very well defined modulation seed whose growth is described using the 

equations outlined in Chapter 2.  Not all target materials can easily be manufactured 

with pre-imposed mass modulations.  To study modulation evolution in these 

materials perturbations must be imprinted by intensity non-uniformities in the drive 

beams.[142-150]  Here, the results are presented for the asymptotic ablation-front 
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evolution of an intensity imprinted perturbation described by V. Goncharov et 

al.[150]  The modulation evolution can be approximated by 

 
 ( ) ( )

2
2

0 2 cos sin ,a akV t kV ts
a

c a bl

ck I e e A t B t t
V V V νη ω ω η− −⎡ ⎤

≈ + + +⎢ ⎥+⎣ ⎦
 (4.19)

where cV  is the velocity of the absorption region with respect to the ablation front, aV  

is the ablation velocity, blV  is the blow-off velocity,  a blk V Vω =  is the oscillation 

frequency, and νη  is the convective vorticity term.[150]  Equation 4.19 is quite 

cumbersome in practice, so in single mode planar imprinting experiments like those 

presented in Chapters 5 and 6, it is more useful to infer an initial modulation 

amplitude equivalent.[151]  This can be done by looking at the ratio of modulation 

optical depths during the RT growth phase of experiments with imprint and pre-

imposed initial conditions, when the complex intricacies of the imprinting physics no 

longer dominate the measurement.[151]  In typical ICF experiments, beam imprinted 

modulations will have a broadband frequency distribution.[61,152]  In the planar 

experiments described here, special distributed phase plates (DPP’s)[127] are used to 

imprint a 2-D sinusoidal modulation on the surface of the target.  Figure 4.10 shows 

the equivalent target plane image generated by the M-60 DPP that imprints a 60-μm 

wavelength modulation on the surface of a target, presented next to a plot of the 

Fourier transform of a spatially averaged lineout of the DPP image.  Experiments 

investigating the sensitivity of a target to laser imprinting  relative to beam mistiming 

were performed by V. Smalyuk et al. on the OMEGA laser using 20-μm thick planar  
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Figure 4.10.  The equivalent target plane (ETP) image of the M-60 DPP, which 
imprints a 60-μm wavelength intensity perturbation on a target, is shown.  The 
Fourier transform of the image is shown, peaking at a spatial frequency ~ 16-mm-1.   
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CH targets.[151]  Figure 4.11, taken from V. Smalyuk, shows a plot of imprinting 

efficiency as a function of the timing of the imprint beam relative to the smoothed 

drive beams, showing significant reduction in imprinting efficiency as the timing 

offset approaches 0.[151]  In the experiments presented here, imprint beams arrived at 

the target 100-ps prior to the drive beams, resulting in the maximum imprint 

efficiency. 

 

4.7.  Summary 

 This chapter described the configuration for the planar Rayleigh-Taylor 

experiments presented in this thesis.  Face-on x-ray radiography was used in 

conjunction with an x-ray framing camera to generate time gated images of the areal 

density evolution of sinusoidal seed modulations.  The spatial resolution of the 

framing camera using an 8 μm diameter pinhole array with a 12μ magnification was 

discussed, as well as the construction of a Wiener filter to correct data for system 

noise and the system’s modulated transfer function (MTF).  The propagation of real 

space errors into frequency space was developed using covariance error propagation.  

The mass pre-imposed and intensity imprinted initial target modulations that seed the 

RT growth were also discussed.  The techniques and configurations presented here 

are applied to the experiments presented in Chapters 5 and 6.          
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5. Rayleigh-Taylor Instability Experiments in 

Cryogenic Deuterium 

 

5.1 Importance of Rayleigh-Taylor Growth in Cryogenic Deuterium 

 In direct-dive ICF implosions, a spherical target is uniformly irradiated by 

overlapping drive beams, uniformly compressing the target creating material 

conditions required to achieve thermonuclear ignition.[5,6]  It is critical to maintain 

the target integrity throughout the implosion to ensure that a target achieves 

maximum fusion yield.  Manufacturing defects and driver spatial non-uniformities 

seed modulations in the target shell’s areal density.  The Rayleigh-Taylor instability 

is the primary mechanism of modulation growth during the acceleration and 

deceleration phases of the implosion.[5,6]  These modulations can grow sufficiently 

large relative to the shell thickness, resulting in mixing between the cold, dense target 

shell and the hot, low density target core, quenching the target hotspot and preventing 

thermonuclear ignition.  The physics of RT growth and other relevant fluid 

instabilities is outlined in Chapter 2.  In direct-drive ignition target designs, the target 

consists of a very thin plastic ablator surrounding a very thick cryogenic DT ice shell, 

as shown in Fig. 1.4.[13-15] The thin plastic shell is quickly ablated from the target 

and the majority of the implosion hydrodynamics are ablative in DT, with a cold DT 

shell compressing a hot DT gas.  A target with a cryogenic DT ablator has 
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significant stability advantages over a typical CH ablator that can be seen by recalling 

Betti-Goncharov equation (Eq. 2.29) for the RT growth rate,   

 ,
1 a

m

kg kV
kL

αγ β= −
+

 (5.1)

where α is a density ratio constant, k is the modulation wavenumber, g  is the 

acceleration at the ablation front, mL  is the minimum value of the density scale 

length, β  is the ablative stabilization constant, and aV  is the ablation velocity.[20,51]  

A target designed with a DT ablator is predicted to be more robust to hydrodynamic 

instabilities than a typical plastic ablator.  As shown in Chapter 2, the ablative 

stabilization constant is given by, 

 
[ ]
[ ]2

( 2) /
,

( 1) /
ν ν

β
ν ν

Γ +
=

Γ +
 (5.2)

where Γ  is the gamma function and ν  is the power index of the thermal conductivity 

of the ablator material.[20,51]  For typical ICF conditions, the thermal conductivity 

power index of CH is ~0.9 resulting in an ablative stabilization of  ~1.7, while in a 

DT ablator the power index is ~ 2.0, resulting in an ablative stabilization of ~2.6.[20]  

This increase in the stabilization constant results in an increase of the stabilizing term 

in the RT growth rate given by Eq. 5.1.  The ablation velocity is affected by the 

material properties.  For both ablator materials under similar driver conditions, the 

mass ablation rate will be comparable as it depends primarily on the 

intensity.[49,153]  The ablation velocity can be written 



5.2  CryoRT Target Design 122 
 

 ,a
a

mV
ρ

=  (5.3)

where am  is the mass ablation rate and ρ is the density.[49,153]  The density of CH 

typically used in ICF targets is 1.05 g/cc while cryogenic DT has a density of ~0.2 

g/cc.  The mass ablation rate for both target materials is comparable, so to first order a 

DT ablator can have an ablation velocity up to 5 times greater than a CH target, 

resulting in increased RT stabilization.  The effect from ablator density is also 

observed directly in target design as targets with Rρ  equivalent shells have very 

similar drive conditions.  By using a material with a lower density (DT), the ablator 

can be designed to be much thicker than a mass equivalent higher density (CH) 

ablator, so modulations can grow to larger amplitudes without compromising target 

integrity.  Table 2.1, taken from R. Betti, shows the growth rate parameters for CH 

and DT ablators for various drive conditions calculated from simulations.[20]  The 

table shows increased ablation velocities and ablative stabilizations for DT ablators 

compared to CH at comparable drive intensities.    

 

5.2  CryoRT Target Design 

 The RT modulation growth in cryogenic DT must be experimentally verified 

to confirm the prediction of increased stabilization compared to CH ablators.  From a 

hydrodynamic standpoint, cryogenic D2 and DT behave similarly (D2 is slightly less 

dense than DT), so targets were designed with a cryogenic D2 fluid.  Figure 5.1 shows  
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Figure 5.1.  Schematic of the planar cryogenic D2 RT target design.  A 50-75 μm 
layer of liquid D2 is held in place by two 4-8 μm thick plastic windows.  The entire 
assembly is mounted inside of a 2 mm square copper washer with a 1.5 mm inner 
diameter.  Modulations on the front plastic surface of the target, either intensity 
imprinted or mass pre-imposed (shown), feed through to the D2 layer as the front 
window is ablated off.   
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a schematic design of the planar cryogenic target.  A 50-75 μm thick layer of 

cryogenic D2 is held in place by two 4-8 μm thick plastic (CH or CD) windows.  The 

entire assembly is mounted in a 2 mm square copper washer with a 1.5 mm inner 

diameter.  Areal density modulations are either pre-imposed on the surface of the 

front plastic window or imprinted on the surface of the target using a special OMEGA 

distributed phase plates (DPP) discussed in Section 4.6.[127]   As the target is driven, 

the front plastic window is quickly ablated off and the modulation is imprinted into 

the front surface of the cryogenic D2 layer.  At this point, the ablation front is in the 

D2, showing the same behavior found in the accelerating shell of a spherical 

cryogenic implosion designed for ignition.  Note that at early times, the planar 

approximation of a spherical implosion is valid as long as the target thickness is much 

less than the target radius. 

 Planar RT experiments are typically performed by directly radiographing the 

ablation front of the target using face-on x-ray radiography as described in Section 

4.2.[52,103,117,118]  This is challenging in the planar cryo target shown in Fig. 5.1 

because typical x-ray radiography requires ~10% transmission of backlighter x-rays 

through the target.  Figure 5.2, calculated from tables by B.L. Henke, shows the x-ray 

transmission through a 75 μm D2 layer of the target as well as a 4 μm CH 

window.[154] The D2 layer is only sensitive to x-rays with energies below 500 eV.  

The CH rear window will highly attenuate these x-rays, so the measured modulation 

optical depths at low energies will have contributions from the ablation front in D2 as 

well as modulation feed-through in the rear CH window of the target.  Soft x-rays are  
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produced by the CH in the drive target, creating a large background in this energy 

spectrum.  The x-ray framing camera[129,131] typically used to make face-on 

radiography measurements (see Section 4.3) is only sensitive to x-rays with energies 

between 1 and 5 keV due to the quantum efficiency of the gold 

photocathode.[155,156]  These higher energy x-rays are used to measure the 

modulation evolution in the plastic windows of the target exclusively.  When the front 

plastic window is completely ablated only the rear window is measured.  The 

modulation amplitude in the rear plastic window of the target are related to the 

modulation amplitude at the ablation front in D2 by 

 2

( )( ) ( ) ,kd t
CH Da t a t e−=  (5.4)

where CHa  is the modulation amplitude on the front surface of the rear plastic window 

of the target, 
2Da is the modulation amplitude at the ablation front of the D2 layer, k is 

the modulation wavenumber, and d is the distance between the D2 ablation front and 

the rear CH window of the target.[5,6,35,44,48]  Figure 5.3 shows results from 2-D 

hydrodynamics code DRACO[119,120,126] simulations of a planar cryogenic target 

with 75 μm D2 with an 8 μm CD back window and a 3 μm CD front window using 

flux-limited electron transport[79] with a flux limiter of 0.06.  The front window is 

seeded with a 60 μm wavelength pre-imposed single mode modulation with an initial 

amplitude of 0.25 μm.  The target is driven with a 2-ns square pulse at a peak 

intensity of 3μ1014 W/cm2.  The figure shows a side-on view of the modulation in the 

target at 0.3, 0.8, 1.4, and 1.7 ns.  As the modulation evolves, the front CD window is  
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ablated off and the modulation evolution at the ablation front is completely governed 

by the D2 layer.  Near the end of the drive, the feed-through of the ablative D2 

modulation to the rear CD window of the target is evident.  During this time, the 

distance between the rear CD window and the D2 ablation front is approximately 

constant, simplifying the relationship in Eq. 5.4.   

 It is essential to verify the stability of the fluid interface between the back 

surface of the D2 layer and the front surface of the rear CD window.  This will allow 

measurements of the rear CD window modulation to be directly correlated to the 

modulation amplitude at the D2 ablation front according to Eq. 5.4.  Figure 5.4 shows 

a plot from the 2-D DRACO simulation described above (Fig. 5.3) comparing the 

modulation amplitude at the rear surface of the D2 layer and the front surface of the 

rear CD window.  The figure shows that the modulation in the CD layer tracks that in 

the D2 layer well, indicating that instability growth at the interface between the D2 

and CD layer at the rear interface of the target is negligible compared to the 

modulation feed-through amplitude.  This allows face-on x-ray radiography of the 

rear CD window of the target to be used to infer the modulation evolution in the D2 

layer.   

 

5.3  Experimental Configuration 

 The experimental configuration for face on x-ray radiography is outlined in 

Section 4.3.  Figure 5.5 shows the specific setup for these experiments.  The planar  
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Figure 5.5.  The experimental configuration for the planar cryogenic D2 RT 
experiments is presented.  The planar cryogenic target with a 50-75 μm thick D2 layer 
held in place by two 4-8 μm plastic windows is driven by 10-12 overlapping drive 
beams while a uranium x-ray backlighter is used to radiograph the target.  The x-rays 
pass through a 3 μm aluminum blast shield (not pictured) and a 1 μm aluminum filter 
before they are detected on the x-ray framing camera. 
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cryogenic target described above (Fig. 5.1) is irradiated by 10-12 overlapping drive 

beams with ~750 μm diameter spot achieving peak intensities up to ~5μ1014 W/cm2.  

A Uranium backlighter was positioned 9 mm from the drive target and irradiated by 

10 overlapping drive beams with a 1 mm diameter spot.  A 3 μm thick Al blast shield 

was positioned 4.5 mm from the drive target and the x-ray framing camera was 

filtered with an additional 1-μm of Al.  The radiography x-ray energy spectrum is a 

function of the Uranium emission multiplied by the filter transmissions and the 

framing camera spectral response (dominated by the quantum efficiency of the gold 

photocathode).  Figure 5.6, taken from V.A. Smalyuk, shows the radiography x-ray 

spectrum.[61]  The figure shows a peak spectral intensity at ~1.3 keV.  The framing 

camera is configured with a 12μ magnification nose cone in conjunction with an 

array of 8 μm diameter imaging pinholes.  Each target shot produced 8 face-on x-ray 

radiographs with a ~50 ps temporal resolution for each image with an on target 

diameter of ~500 μm.  The RT growth was seeded by a 60 μm wavelength 

perturbation either pre-imposed on the surface of the front plastic window with an 

initial amplitude of 0.25 μm or intensity imprinted with the special DPP outlined in 

Section 4.6.  The targets were irradiated with square and shaped pulses with peak 

intensities up to 1μ1015 W/cm2.  Targets with different window and D2 thicknesses 

were designed to demonstrate measurements at different stages of the target 

hydrodynamics.  Areal-density modulation measurements were made in the front 

window of the targets prior to target acceleration and in the rear plastic window of the 

target after target acceleration, as will be outlined in the following sections.  
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Figure 5.6.  The x-ray spectrum of the uranium backlighter convolved with the 
spectral response of the x-ray framing camera and aluminum filters is shown.  The 
figure shows a peak in the spectrum corresponding to ~1.3 keV x-rays.  Figure taken 
from V.A. Smalyuk.[61] 
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5.4  Experimental Proof of Principle 

 Manufacturing and radiographing planar cryogenic targets presented many 

hurdles – some outlined in the previous section.  Target manufacturing posed a 

significant challenge because thin plastic windows are desired for increased target 

acceleration, resulting in increased growth rates making the feed-through amplitudes 

larger, increasing the signal.  Thinner windows ablate earlier in the drive, allowing 

more RT growth at the D2 ablation front.  To meet these requirements targets were 

designed so close to the material limits that some were unable to hold D2 gas upon 

assembly or unable to retain gas while they were cryogenically cooled.  If windows 

are too thin they may begin to bow under the pressure of the D2 liquid.  This effect is 

enhanced as the target is driven and can be observed by measuring the wavelength of 

the modulation as a function of time where increasing wavelengths indicates this 

effect.[61,157]  In all of the target and drive configurations in the experiments 

presented here, this effect was found to be negligible.   

 After manufacturing a planar cryogenic target (see Fig. 5.1), challenges in 

radiography needed to be overcome.  As mentioned above, thin plastic windows are 

desired to increase target acceleration (and the RT growth rate) while  maximizing the 

amount of time the modulation evolution is ablative in D2.  As discussed in Chapter 4, 

x-ray radiography is optimized when x-ray transmission through the target is ~10%.  

From Fig. 5.2, the filtered Uranium x-rays (1.3 keV) have a transmission of nearly 

60% for a 4 μm CH window.  The high transmission of x-rays results in a much lower 

modulation optical depth than typical face-on radiography measurements.  The effect 
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of a low modulation optical depth is compounded by an increased noise level due to 

condensation that forms on the front and rear surfaces of the target as it is 

cryogenically cooled to form the liquid D2.  The condensation formed on the surfaces 

of the target in both large (~100 μm diameter) and small scale features (~10 μm 

diameter).  Large scale features are easily observed in the radiograph and can be 

omitted from the analysis region and provide a reference for spatial correlation of the 

images.  Small scale features introduce a speckle-like noise distribution into the 

radiograph, giving the experiments a noise level 2μ great than similar experiments 

with ambient temperature targets.  When the condensation is on the front surface of 

the target it can potentially seed broadband modulation growth at the ablation front, 

while rear surface condensation can grow due to the classical Richtmyer-Meshkov 

instability when the shock breaks out of the back of the target.  To minimize 

condensation, planar cryogenic targets are inserted into the target chamber and 

aligned prior to being cooled.  When the target is cooled a shroud is held in place over 

the target to reduce the temperature jump between the surface of the target and the 

environment.  The shroud remains in place until the target is completely cooled and is 

removed less than 30 seconds prior to irradiating the target.   

 Preliminary experiments were performed by V. Smalyuk using intensity 

imprinted initial conditions, where a 60 μm modulation was imprinted on the target 

surface by a single imprinting beam arriving ~ 100 ps prior to 10 overlapping drive 

beams.[158]  The experimental configuration is described in Section 5.3.  The targets 

in these experiments had a 75 μm D2 layer with 5 μm front and rear CD windows and 
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were irradiated using a variety of different intensity pulse shapes.  Figure 5.7 shows 

the modulation amplitude as a function of time for this planar cryogenic target 

irradiated with a 3 ns shaped pulse with a peak intensity of 1μ1015 W/cm2.  Face-on 

radiographs were taken between 0.5 and 2.0 ns, during the low intensity foot of the 

drive pulse.  Each data point represents a spatially correlated image taken from the x-

ray framing camera that has been processed using the techniques outlined in Section 

4.5.  During this time in the drive pulse, the target ablation front lies in the front CD 

window of the target, so the optical depth is measured in both the front and rear 

windows of the target.  The modulation oscillates in time due to the ablative 

Richtmyer-Meshkov instability and perturbed shock propagation (see Chapter 

2).[43,67,68,70,72,73,159]  The dashed line helps define the modulation oscillation.  

Figure 5.8 shows the same 75 μm D2 target irradiated with a 3 ns square pulse at a 

peak intensity of ~2.5μ1014 W/cm2.  Data taken on this shot spans the entire length of 

the 3 ns pulse shape showing measurements in the front and rear CD windows of the 

target during the shock transit time (up to ~ 1.5 ns) as well as modulation 

measurements in the rear CD window only, during target acceleration (after ~ 1.5 ns).  

The hydrodynamics of the target dictating shock transit, acceleration, and front 

window ablation rate are taken from 2-D simulations.  The modulation evolution 

measured in the front window is due to the ablative RM instability early in the pulse 

as well as the RT instability after the target begins to accelerate at ~ 1.5 ns.  Later, the 

front CD window is completely ablated and optical depth measurements are  
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Figure 5.7.  The modulation evolution of a 75-μm planar cryogenic D2 target with 5-
μm front and rear plastic windows driven by a 3-ns shaped pulse (a).  A 60-μm 
wavelength modulation was imprinted on the surface of the target by a single drive 
beam using a special distributed phase plate.  The modulation evolution (b) shows a 
phase oscillation on the surface of the target due to the ablative Richtmyer-Meshkov 
instability.  The dotted line is plotted to help track the modulation oscillation.   
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Figure 5.8.  The modulation evolution (b) of a 75 μm planar cryogenic D2 target with 
5 μm front and rear plastic windows driven by a 3 ns square pulse (a).  A 60 μm 
wavelength modulation was imprinted on the surface of the target by a single drive 
beam using a special distributed phase plate.  Early in time, measurements are 
dominated by Richtmyer-Meshkov and Rayleigh-Taylor growth in the front window 
of the target.  Later, the front window is completely ablated and the measured 
modulations are exclusively in the rear window of the target due to modulation feed-
through.   
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exclusively in the rear window of the target, during the acceleration phase of the 

drive.  These target shots demonstrated the ability to manufacture and radiograph 

both the front and rear windows of the planar cryogenic targets.   

  

5.5  Rayleigh-Taylor Measurements in Cryogenic D2 

 The experiments presented in Section 5.4 demonstrated the proof of principle 

that planar cryogenic D2 targets could be manufactured and radiographed, despite the 

challenges faced.  The goal of the campaign described in this section was to confirm 

theoretical predictions of reduced RT growth in D2 ablators compared to plastic.  

Experiments must be performed in conjunction with simulations from 2-D 

hydrodynamics code DRACO.  The experiments discussed in the previous section 

relied on a sinusoidal intensity profile create by a special distributed phase plate in a 

single beam to seed the modulation on the planar target.[158]  The complexities of 

laser imprinting[150] are discussed briefly in Chapter 4.  This type of seed 

modulation is unsupported by DRACO, which models the total intensity on the target 

and not individual beams.  The complex targets presented here provide the wrong 

platform to attempt to develop this feature.  DRACO relies on seeding the instability 

with a pre-imposed mass modulation on the surface of the target.  Planar cryogenic 

targets like the schematic in Fig. 5.1 were designed with a 60 μm wavelength pre-

imposed mass modulation on the surface of the front plastic window with an initial 

amplitude of 0.25 μm.  A cryogenic target with a 6 μm CH front window, 50 μm 
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cryogenic D2 layer, and an 8 μm rear CH window was manufactured with the seed 

modulation described above.  This target design is improved over the preliminary 

experiments in two ways besides a well-defined seed modulation.  A thinner D2 layer 

increased the feed-through amplitude on the rear CH window of the target that was 

thicker than previous targets.  These changes increase the amplitude of the signal 

measured on the rear CH window of the target.  One experiment was performed using 

this configuration as described in detail below.   

 The planar cryo target was irradiated by 12 overlapping drive beams with 

smooth intensity profiles using the same experimental details described in Section 

5.3.  The target was driven by a 2 ns square pulse with a peak intensity of 4μ1014 

W/cm2.  Figure 5.9 shows the raw film taken from this experiment, with camera strip 

timings of 0.91, 1.19, 1.41, and 1.57 ns with 116 ps separating the two images that 

share a strip (the later image is on the left).  The later images on both strips 2 (1.19 

ns) and 4 (1.57 ns) lie out of the field of view due to misalignment of the framing 

camera, preventing analysis of any significant region of the target.  The large blob 

like feature observed in the upper right portion of every image was a condensation 

spot that manifested on the rear surface of the target during cooling that expands after 

the shock breaks out of the rear of the target at ~1.4 ns.  This feature was used to aid 

in image cross correlation.  After correlation, the images were uniformly shifted to 

remove the condensation spot from the analysis region.   
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Figure 5.9.  Raw film from a 50 μm planar cryogenic D2 target with a 6 μm front 
plastic window and an 8 μm rear plastic window driven by a 2-ns square pulse is 
shown.  A 60 μm wavelength modulation with an initial amplitude of 0.25 μm was 
pre-imposed on the surface of the target.  The framing camera strips were triggered at 
0.91, 1.19, 1.41, and 1.57 ns and individual images are separated by 116 ps, the later 
image being on the left.  Images on the first strip (0.91-ns) have a very high noise 
level, and the later images on strips 2 (1.19 ns) and 4 (1.57 ns) lie out of the field of 
view.  Each image is ~ 500-μm in diameter on target.   
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 A Wiener filter[135] was constructed to extract the signal from the noise from 

each image using the form described in Chapter 4.  Each image was reconstructed 

from data with spatial frequencies near 16.6 mm-1, corresponding to the 60 μm 

wavelength seed modulation.  For each image, the noise is approximated by taking a 

lineout perpendicular to the seed modulation.  The noise for all of the images were 

compared to ensure that the noise spectrum was not changing significantly during the 

target drive, which would indicate true broadband modulation growth and not noise.  

When the measured signal is less than the noise level for a given spatial frequency, 

that spatial frequency is excluded from the image reconstruction.  Figure 5.10 shows 

raw and filtered images taken at 1.25 ns into the drive.  The sinusoidal modulation 

appears in the images as horizontal fringes and can barely be made out in the 

unfiltered image, but is very clear after the image has been processed. 

 Figure 5.11 shows a plot of the measured modulation evolution in optical 

depth for this target.  The solid line is the prediction of the modulation optical depth 

in the CH windows of the target from the 2-D hydrodynamics code DRACO using 

flux-limited local electron transport.  The measured modulations are in the front and 

rear windows until the front window is completely ablated, occurring ~ 1.2 ns 

according to DRACO.  The simulation predicts a modulation phase oscillation early 

in time due to the ablative RM instability with a minimum value occurring around 

~1.1 ns before RT growth begins to dominate.  The late time measurements show 

good agreement with the simulation results, though the data at ~1.25 ns shows a 

significantly larger modulation amplitude compared to the simulation prediction.   
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Figure 5.10.  Raw and Wiener filtered 300 μm square face-on radiographs for the 
planar cryogenic D2 target in fig. 5.9 driven by 12 drive beams with a 2 ns square 
pulse with a peak overlapped intensity of 4μ1014 W/cm2 taken at 1.25 ns are shown.  
The 60 μm wavelength appears as horizontal fringes in the images, which are much 
more pronounced in the filtered image.   
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Figure 5.11.  The modulation amplitude for a 50 μm planar cryogenic D2 target with 
6 μm front plastic window and an 8 μm rear plastic window driven by a 2-ns square 
pulse with a peak intensity of 4μ1014W/cm2  is shown.  A 60 μm wavelength 
modulation with an initial amplitude of 0.25 μm was pre-imposed on the surface of 
the target.  The solid line shows the prediction of the modulation evolution in the CH 
windows of the target predicted by 2-D DRACO.  Later in time, the measurements 
show good agreement with the simulation, while data at ~1.25 ns shows a 
significantly higher modulation amplitude than predicted.   
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The error bars are significant for these measurements as the modulations are very 

small features that lie just above the framing camera noise level (~ 0.02 OD for these 

experiments). 

 The simulation used SESAME 5263[160] for the equation of state (EOS) of 

the cryogenic D2 layer.  Figure 5.12 shows the temperature and pressure of the D2 

shock front as a function of time.  The simulated shocked D2 density reaches 3-4 

times the initial liquid D2 density (0.171 g/cc) with pressures ranging from 15-25 

Mbar and temperatures from 20 to 30 eV during the shock transit into the D2 liquid.  

Multiple shocks and rarefactions traverse the target prior to the onset of target 

acceleration due to the multiple interfaces.  At 0.8 ns, the D2 layer achieves its peak 

pressure of 65 Mbar at a temperature of 50 eV due to the rarefaction wave heating 

from the rear CH window.  For these conditions, SESAME 5263 is in good agreement 

with the first principles EOS (FPEOS) for D2 calculated by S.X. Hu et al.[161]   

 

5.6  Discussion 

 The experiment demonstrates that the 2-D DRACO simulations closely 

reproduce the experiment using flux limited local electron transport at an intensity of 

4μ1014 W/cm2.  The large discrepancy between the experiment and simulation at the 

data point at 1.25 ns is likely the result of a difference between the experimental and 

simulated mass ablation rates.  Early in the drive (t << 1.2 ns), both the experimental 

and simulated optical depths include contributions from the front and rear plastic  
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Figure 5.12.  The simulated temperature (blue stars) and pressure (red squares) of the 
shock front in the D2 layer of the planar cryogenic D2 target is shown.  The shock 
front achieves the peak temperature (~ 50 eV) and pressure (~ 65 Mbar) at 0.8 ns into 
the 2 ns drive pulse.   
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windows, while later in the drive (t >> 1.2 ns) the front window is completely ablated 

leaving only the rear window as the optical depth contributor.  In these regions, a 

small difference in ablation velocity between experiment and simulation could exist 

without disagreement in measured and simulated optical depths due to the slow 

growth observed in the target.  Measurements taken as the front window is being 

completed ablated away (t ~ 1.2 ns) would show the largest discrepancy.  In this case, 

if the simulated ablation velocity is greater than the experimental ablation velocity, 

the measurement at 1.25 ns would include contributions from both the front and rear 

windows, while the simulation only incudes the rear window, contributing to the 

difference between experiment and simulation for that data point.  In the other 

temporal regions, the simulation reproduces the behavior of the modulation evolution 

in this complex target, indicating that the measured hydrodynamic stability 

characteristics of D2 are close to those predicted through theory and simulation.   

 The experiment suffers from a very low signal to noise ratio, requiring 

significant post processing to extract results.  Signal levels could be increased by 

designing an experiment with a longer pulse duration, allowing the modulation to 

grow to larger amplitudes or decreasing the distance between the D2 ablation front 

and the rear CH window of the target while still keeping a thick enough D2 layer such 

that the hydrodynamics of D2 are relevant to the measurement.  Noise is dominated 

by condensation on the windows of the target resulting in large scale features with 

low x-ray transmissions.  This effect was significantly reduced by the use of a target 
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shroud and selective image analysis, though it remains the dominant noise 

contributor.   

 An alternative radiography approach to that presented here is the use of 

charged particles or low energy x-rays to directly measure the modulation evolution 

at the D2 ablation front as well as the front and rear plastic windows.  This would 

provide a direct measurement of the modulation evolution in the D2 layer, allowing 

higher confidence comparisons between experiment and simulation.  

 

5.7  Summary 

 Direct-drive Rayleigh-Taylor experiment with planar cryogenic D2 targets 

were performed at the OMEGA laser facility.  These are the first RT measurements in 

D2 at conditions relevant to inertial confinement fusion (ICF) with intensity 

imprinted[158] and mass pre-imposed sinusoidal areal density modulations.  A planar 

cryogenic target was seeded with a 60 μm wavelength pre-imposed mass modulation 

and driven with a 2 ns square pulse with a peak intensity of 4μ1014 W/cm2 and 

radiographed using 1.3 keV x-rays from a uranium backlighter.  Experimental 

measurements showed reasonable agreement with the 2-D hydrodynamics code 

DRACO.   
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6. Rayleigh-Taylor Instability Preheat 

Experiments with CH and SiO2 Ablators 

 

6.1  History of CH Rayleigh-Taylor Experiments 

 In direct-drive ICF, a spherical target filled with spherical DT ice shells 

containing a DT gas central region is uniformly irradiated by overlapping lasers to 

compress the target, creating temperature and density conditions sufficient to allow 

significant numbers of nuclear fusion reactions to occur.[5,6]  Early target designs 

used a plastic (CH/CD) shell filled with DT gas, using plastic as the material 

responsible for the ablation driven implosion.[5,6]  Targets designed for direct-drive 

ignition consist of a thin plastic ablator surrounding a thick cryogenic DT ice layer 

that acts as the ablator for a portion of the drive.[15]  Targets with CH ablators play 

an important role in the evolution of the ICF field, particularly in the development of 

the diagnostics that are required to confirm the achievement of ignition in an ICF 

implosion.  It is critical to maintain the target integrity throughout the implosion to 

ensure that a target achieves maximum fusion yield.[5,6]  Manufacturing defects and 

driver spatial non-uniformities seed modulations in the target shell’s areal density.  

The Rayleigh-Taylor instability[33,36] is the primary mechanism of modulation 

growth during the acceleration and deceleration phases of the implosion.[5,6]  These 

modulations can grow sufficiently large with respect to the shell thickness to cause 
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mixing between the cold, dense target shell and the hot, low density target core, 

quenching the target hotspot and preventing thermonuclear ignition.[5,6]  The physics 

of RT growth and other relevant fluid instabilities is discussed in Chapter 2. 

 The evolution of hydrodynamic instabilities in laser driven CH has been 

explored for nearly 2 decades.[52,97,98,100,103,104,162]  Experiments investigating 

areal-density (ρR) modulation evolution have been performed on the OMEGA[163] 

laser at the Laboratory for Laser Energetics (LLE), the NOVA[164] laser at Lawrence 

Livermore National Laboratory (LLNL), the Nike[165] laser at the Naval Research 

Laboratory (NRL), and the GEKKO[166] laser at the Institute of Laser Engineering 

(ILE).  Table 6.1 shows a summary of these experiments.  In the 1990’s, experiments 

were performed on the NOVA laser with a driver wavelength of 0.53 μm and peak 

intensities of 8μ1013W/cm2 on 20 μm thick CH targets with large amplitude pre-

imposed sinusoidal modulations.[100]  These experiments quickly reached the non-

linear regime of RT growth and were well simulated with the LASNEX[167,168] 

hydrodynamics code.  During the same period, experiments with 20 μm thick CH 

foils were performed on the GEKKO laser with a driver wavelength of 0.53 μm at 

peak intensities similar to the NOVA experiments with smaller initial amplitudes to 

measure RT growth in the linear regime.[103]  These experiments showed a 

significant over prediction in the modulation growth rate for shorter wavelength 

modulations from simulations using local electron transport model.[103]  Full non-

local treatment of the electron transport yielded good agreement at shorter  
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Table 6.1.  A summary of some of the planar RT experiments performed over the last 
2 decades are shown.  All of the experiments used CH targets with a variety of driver 
wavelengths (Driver λ), peak intensities (Ipeak) and thicknesses (dCH).  The targets 
were seeded with pre-imposed single mode mass modulations with a variety of 
wavelengths (Mod λ) and initial amplitudes (A0). 
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wavelength modulations but disagreed at larger wavelengths.  In the early 2000’s 

experiments were performed on the OMEGA laser with a driver wavelength of 0.35 

μm and a peak intensity of 2.5μ1014 W/cm2, looking at modulation evolution in the 

linear growth regime.[52]  Simulations using the 2-D hydrodynamics code, 

ORCHID[53], showed good agreement with the modulation evolution for all 

wavelengths considered using local electron transport.  During the same period, 

experiments were performed on the Nike laser with a driver wavelength of 0.26 μm 

and a peak intensity of 7.5μ1013 W/cm2 with 40 μm thick CH targets in the linear RT 

growth regime, showing very good agreement with simulation predictions with 

wavelengths as short as 12.5 μm, very close to the cutoff wavenumber (where the 

acceleration portion of the Betti-Goncharov RT growth rate[20] is exactly matched by 

the stabilizing mass ablation term).[104]  In 2008, experiments on the OMEGA laser 

used peak intensities from 5μ1014 to 1μ1015 W/cm2 on 20 μm thick CH 

targets.[97,98]  Figure 6.1, taken from V. A. Smalyuk, shows the results from these 

experiments.[97]  The targets were driven by square pulses using the face-on x-ray 

radiography configuration discussed in Chapter 4 using 10-12 overlapping, spatially 

smoothed drive beams with ~ 750 μm diameter spots sizes on target.  At peak 

intensities of 5μ1014 W/cm2, the modulation amplitude measurements agree relatively 

well with predictions from the 2-D hydrodynamics code, DRACO[169], using flux 

limited local electron transport[79].  However, at peak intensities of 1μ1015 W/cm2, 

significant disagreement was observed for the shorter wavelength modulations, with  
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Figure 6.1.  The modulation evolution of 20 μm thick planar CH foils seeded with 
pre-imposed single mode mass modulations with wavelengths of 60, 30 and 20 μm 
are shown.  The targets were driven with square pulses at intensities of 5μ1014 (blue) 
and 1μ1015 W/cm2 (red).  The solid line is the modulation evolution predictions from 
the 2-D hydrodynamics code DRACO using flux limited local electron transport.  The 
simulation and experiment agree for the low intensity drive, but discrepancies arise 
for the high intensity drive at shorter modulation wavelengths.  Figure taken from 
V.A. Smalyuk.[97,98]   
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the simulated modulation amplitude significantly larger than that measured.  The 

results presented in this thesis help explain the source of this discrepancy.   

 

6.2  Rayleigh-Taylor Experiments with CH and SiO2 Ablators 

 This Section describes the experimental design and configuration used to 

explore the disagreement between the 2-D hydrodynamics code DRACO and 

experimental results obtained previously using a square drive pulse with a peak 

intensity of 1015 W/cm2 (Fig. 6.1).[97,98]   

 

6.2.1  Experimental Configuration 

 Targets with various ablator materials and thicknesses were designed to better 

understand the increased stabilization of shorter wavelength modes observed in 

previous Rayleigh-Taylor experiments performed on the OMEGA laser with CH 

targets driven at peak intensities of 1μ1015W/cm2.[97,98]  The face-on x-ray 

radiography experimental configuration is outlined in Chapter 4.  Figure 6.2 shows a 

schematic of the experimental configuration for all of the targets described in this 

section.  Planar drive targets with thicknesses from 17 to 40 μm and approximately 

equivalent areal-densities ( Rρ ) were driven with 10-12 overlapping spatially 

smoothed drive beams with a ~750 μm diameter spot size.  Areal density modulations 

were seeded by sinusoidal pre-imposed mass or intensity imprinted modulations using  
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the distributed phase plate (DPP)[127] described in Chapter 4.  The targets were 

driven with shaped pulses with peak overlapped intensities of ~5μ1014 W/cm2 and 

~1μ1015W/cm2.  During the period when the targets were accelerating, a backlighter 

foil positioned 9 mm from the drive target was irradiated with 12 drive beams with a 

1 mm spot size.  Backlighter x-rays were detected on an x-ray framing 

camera[129,131,135] (see Chapter 4) with an 8 μm pinhole array and a magnification 

of 12μ yielding 8 target images with on-target diameters of ~ 500 μm.  Figure 6.3 

shows raw data of a 40 μm thick CH foil with an intensity imprinted 60 μm 

wavelength single mode modulation.  The target is driven by a ~3 ns shaped pulse 

with a peak intensity of 5μ1014W/cm2.  Images were taken at framing camera strip 

times (see Chapter 4) of 1.9, 2.08, 2.24, and 2.30±0.04 ns where the leftmost image 

on a given strip is taken 116 ps later in time.  The modulation is observed as the 

horizontal fringes in each individual image.  The CH targets used in these 

experiments had an initial density of 1.05 g/cc and were backlit with x-rays from a 

Dysprosium (Dy) foil filtered by 1 mil of Be.  Figure 6.4 shows the measured Dy 

backlighter spectrum convolved with the framing camera spectral response, filter 

transmission, and target transmission, showing a peak in the spectrum at ~ 2 keV.  

Areal-density equivalent ~20 μm thick SiO2 targets with initial densities of 2.65 g/cc 

were backlit with x-rays from a Palladium (Pd) foil filtered with 9 mil of Be.  Figure 

6.5 shows the measured Pd backlighter spectrum convolved with the framing camera 

spectral response, filter transmission, and target transmission, showing peaks in the  
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Figure 6.3.  Raw data of a 40 μm thick CH foil with an intensity imprinted 60 μm 
wavelength single mode modulation is shown.  The target is driven by a ~3 ns shaped 
pulse with a peak intensity of 5μ1014W/cm2.  Images were taken at framing camera 
strip times (see Chapter 4) of 1.9, 2.08, 2.24, and 2.30 ns where the leftmost image on 
a given strip is taken 116 ps later in time.  The modulation is observed as the 
horizontal fringes in each individual image.   
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Figure 6.4.  The spectral intensity of the Dy backlighter used in experiments using 40 
μm thick CH foils is shown.  The spectrum is convolved with the x-ray framing 
camera spectral response, Be filter transmission and CH target transmission, showing 
a peak at ~ 2 keV.  
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Figure 6.5.  The spectral intensity of the Pd backlighter used in experiments using 
~20 μm thick SiO2 foils is shown.  The spectrum is convolved with the x-ray framing 
camera spectral response, Be filter transmission and SiO2 target transmission, 
showing peaks at ~ 3 keV and ~3.2 keV.  
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spectrum at ~3.0 keV and ~3.2 keV.  The Pd backlighter configuration was used for 

SiO2 targets with thin CH ablators that are discussed below. 

 

6.2.2  Target Design and Initial Conditions 

 Three target types were designed with a variety of initial conditions.  Figure 

6.6 shows a schematic of the three designs and their corresponding initial conditions.  

Areal-density equivalent planar CH targets, SiO2 targets and SiO2 targets overcoated 

with thin CH ablators (CH-SiO2) were designed.  The CH targets are 40 μm thick 

with an initial density of 1.05 g/cc, while the SiO2 targets are ~20 μm thick with an 

initial density of 2.65 g/cc.   The CH-SiO2 targets consist of a 15-20 μm SiO2 target 

with 1.5-5 μm CH ablators on the front or front and rear surface of the targets.  The 

pure glass (SiO2) targets had initially smooth surfaces and were imprinted with a 

sinusoidal modulation by a single drive beam using a special DPP (see Chapter 4) that 

arrived at the target ~100 ps prior to the remaining drive beams, imprinting 

modulations with wavelengths of 60 and 30 μm.  Plastic (CH) targets had two 

variations – smooth surfaces with intensity imprinted modulations (as described for 

SiO2) as well as pre-imposed mass modulations with wavelengths of 60, 30 and 20 

μm and initial amplitudes of 0.25, 0.125, and 0.125 μm, respectively.  Glass targets 

with thin plastic ablators (CH-SiO2) have initial conditions matching those of the pure 

CH targets, though with slightly different overall target structure.  CH-SiO2 targets 

with pre-imposed mass modulations consist of a ~3 μm thick CH foil with a  
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Figure 6.6.  The variety of areal density equivalent CH, SiO2, and CH-SiO2 targets 
designed is shown.  Targets were seeded with mass pre-imposed or intensity 
imprinted single mode sinusoidal modulations. 
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pre-imposed mass modulation molded to the surface, with the same wavelengths and 

amplitudes as pure CH targets.  The CH foil was glued to the surface of the ~15 μm 

thick SiO2 target resulting in a 1-2 μm thick glue layer between the CH and SiO2 

giving a total ablator thickness of ~5 μm.  Targets with intensity imprinted 

modulations used 20 μm thick SiO2 foils that were over-coated with CH layers 

ranging from 1.5-3 μm in thickness on both the front and rear surfaces of the target.  

The addition of a rear surface CH over-coat is a fabrication convenience and plays 

little role in the post acceleration hydrodynamics of the target beyond determining the 

total target ρR.  The CH-SiO2 targets had the same configuration as the pure SiO2 

targets, using the 3-3.2 keV x-rays from a Pd backlighter.  The thin CH layer has 

nearly 100% transmission for x-rays at this energy, so only the glass region of the 

target is radiographed.[154]  For the pulse shapes used in these experiments, the CH 

layer ablates away from the surface of the target prior to acceleration and the onset of 

ablative RT growth, so the optical depth measurement occurs when the modulation 

evolution is ablative in SiO2.  For both initial conditions, the modulations on the front 

CH ablator acts as a seed for the modulations measured at the SiO2 ablation front. 

 SiO2 ablators are of interest because they exhibit a unique double ablation 

front structure,[92] the typical electron driven ablation front in addition to a second x-

ray driven ablation front, as described in Chapter 3.  This can be treated as preheating 

from a hydrodynamic stability standpoint, though the negative effect on target 

compression is less pronounced than that corresponding to hot electron preheat.[93-

95]  This makes SiO2 a possible candidate for direct-drive ignition ablator designs 
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and an interesting material for measuring the modulation growth due to 

hydrodynamic instabilities.  The CH ablator in the CH-SiO2 targets is designed to 

explore the reduction in observed modulation growth in pure CH targets at intensities 

of 1μ1015 W/cm2.  By adding thin CH ablators, the properties of the underdense 

plasma can be changed for targets with SiO2 ablation fronts to observe the impact on 

RT growth.  Mass equivalent CH targets are used to reproduce the previous 

results[97,98] under comparable target accelerations to the SiO2 and CH-SiO2, 

allowing a direct comparison between the different materials for different drive 

parameters. 

 

6.3  Experimental Results 

 This Section describes the experimental results for CH, SiO2, and CH-SiO2 

targets driven with peak intensities of 5μ1014 W/cm2 and 1015 W/cm2.  These 

experiments are designed to better understand the discrepancy between the 2-D 

hydrodynamics code DRACO and experimental results obtained previously using a 

square pulse with a peak intensity of 1015 W/cm2.[97,98]   

 

6.3.1  Peak Drive Intensity of 5¥1014 W/cm2 

 Previous planar Rayleigh-Taylor experiments performed on the OMEGA laser 

using a square pulse with an intensity of ~5μ1014W/cm2 with 20 μm thick CH targets 
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showed good agreement with 2-D simulation predictions using flux limited local 

electron transport for modulation wavelengths from 20-60 μm, as shown in Fig. 

6.1.[97,98]  Planar CH, SiO2 and CH-SiO2 targets described in the previous section 

were irradiated by a shaped drive pulse with a peak intensity of ~ 5 μ1014W/cm2 and 

a pulse duration of ~3 ns using the configuration described in Section 6.2.1 and 

Chapter 4.  Shaped pulses are typically designed to minimize the target adiabat and 

are frequently used in implosion experiments.[25,27,28]   Figure 6.7 shows the low 

intensity pulse shape used in these experiments.  A ~1 ns low intensity foot ablates 

the CH layer of the CH-SiO2 target before acceleration (and RT growth) begins, when 

the intensity ramps up to a ~2 ns square pulse at a peak intensity of 5μ1014W/cm2.  

Face-on x-ray radiography measurements and analysis were performed using the 

techniques described in Chapter 4.   

 

6.3.1.1  CH Targets 

 Stability experiments were performed on 40 µm thick planar CH targets with 

both pre-imposed mass and intensity imprinted sinusoidal modulations using the 

shaped pulse (Fig. 6.7) with a peak intensity of ~ 5×1014W/cm2.  Figure 6.8 shows the 

modulation evolution of 40 µm thick CH targets with pre-imposed mass modulations 

on the surface of the target with wavelengths of 60, 30, and 20 µm and initial 

modulation amplitudes of 0.25, 0.125, and 0.125 µm, respectively.  The red lines 

show the modulation evolution predicted by the 2-D hydrodynamics code DRACO  
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Figure 6.8.  The areal density modulation evolution for 40 μm thick CH foils with 
pre-imposed mass modulations with wavelengths of 60, 30 and 20 μm are shown.  
The targets are driven by a shaped pulse with a peak intensity of 5μ1014W/cm2.  The 
data are overplotted with simulation predictions from the 2-D hydrodynamics code, 
DRACO, using flux limited local electron transport, showing good agreement 
between simulation and experiment.   
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using flux limited local electron transport, showing good agreement with the 

experimental data.  These results are consistent with previous experiments performed 

on OMEGA with similar driver peak intensities on CH targets (Fig. 6.1).[97,98]  

Figure 6.9 shows the areal density modulation amplitude evolution of an intensity 

imprinted modulation on an initially smooth 40 µm thick CH target with a 

wavelength of 60 µm overplotted with the 60 μm pre-imposed modulation shown in 

Fig 6.8.  Unlike the pre-imposed modulation data presented above, intensity 

imprinted initial conditions are not supported in 2-D DRACO in the configuration 

used here, so direct comparison to the 2-D hydrodynamics simulation cannot be 

made.  Instead, the data are overplotted with exponential fits to approximate the 

average growth rate of the modulation.  The average growth rates are calculated to be 

2.0 ± 0.1 ns-1 for the pre-imposed modulation and 1.6 ±0.4 ns-1 for the intensity 

imprinted modulation.  These growth rates agree within uncertainties, indicating that 

a 2-D hydrodynamic simulation with the ability to handle beam imprinting would 

agree reasonably well with the data using flux limited local thermal transport.  The 

reduction in average growth rate for the intensity imprinted initial condition is 

expected since the amplitude is much greater than that of the pre-imposed 

modulation, so the growth may begin to saturate (where an exponential fit is no 

longer physically expected).     
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Figure 6.9.  The areal density modulation evolution for 40 μm thick CH foils with 60 
μm wavelength intensity imprinted (red square) and mass pre-imposed (blue 
diamond) modulations are shown.  The targets are driven by a shaped pulse with a 
peak intensity of 5μ1014W/cm2.  The data are overplotted with exponential fits to 
approximate the average growth rate of the modulation.  The average growth rates are 
calculated to be 2.0 ± 0.1 ns-1 for the pre-imposed modulation and 1.6 ±0.4 ns-1 for 
the intensity imprinted modulation. 
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6.3.1.2  SiO2 Targets 

 Experiments were performed on pure SiO2 targets with an initial density of 

2.65 g/cc to investigate the effect of self x-ray preheating on the areal density 

evolution measured from a face-on x-ray radiography configuration.  An initially 

smooth 17.5 µm thick planar SiO2 target was imprinted with a 60 µm wavelength 

perturbation by a single drive beam advanced by ~100 ps before being irradiated by 

10 overlapping drive beams using the 3 ns shaped pulse with a peak intensity of 

5×1014W/cm2 (Fig. 6.7).  Figure 6.10 shows the evolution of the imprinted 

modulation for this SiO2 target overplotted with the simulation prediction from the 2-

D hydrodynamics code DRACO.  The simulation uses flux-limited local thermal 

transport and a 0.25 μm amplitude pre-imposed mass modulation.  The growth rates 

of the data and simulation show good agreement, indicating that the hydrodynamics 

code would agree with the data if the initial conditions were the same.  The data are 

overplotted with an exponential fit to approximate the average growth rate found to 

be 1.38±.09 ns-1.  As seen in the previous section, the imprinted CH target has an 

average growth rate of 1.6 ±0.4 ns-1, while the mass pre-imposed target has an 

average growth rate of 2.0 ± 0.1 ns-1.  The targets have similar total areal densities, 

with the SiO2 being slightly more massive.  The average growth rates for the 

exponential fits show a higher growth rate in CH than SiO2 under comparable drive 

conditions and total target areal densities.  This is a possible indication that the areal 

density modulations measured in SiO2 show increased stabilization caused by x-ray 

preheating effects when compared to mass equivalent plastic targets.  This effect has  
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Figure 6.10.  The areal density modulation evolution of a17.5 μm thick SiO2 (blue 
diamond) foil with an intensity imprinted 60 μm wavelength modulation is shown.  
The target is driven by a shaped pulse with a peak intensity of 5μ1014W/cm2.  The 
data is overplotted with the simulation prediction from the 2-D hydrodynamics code 
DRACO using flux limited local electron transport and a 0.25 μm amplitude mass 
pre-imposed modulation (solid red line).  The data and simulation show good 
agreement in the growth rates, indicating good agreement would exist between the 
simulation and experiment for identical initial conditions.  The data is also fit with an 
exponential to approximate the average growth rate of the modulation (dashed blue 
line).  The average growth rate is calculated to be 1.38 ± 0.09 ns-1. 
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been measured previously in CH targets doped with Br to generate the x-ray preheat, 

showing increased stabilization with the Br dopant.[93,94]   

 

6.3.1.3  CH-SiO2 Targets 

 Experiments were performed on SiO2 targets with thin CH ablators to 

investigate the effect of adding CH to the plasma corona on the Rayleigh-Taylor 

growth rate.  Targets were designed with 15-20 μm thick SiO2 layers with CH ablator 

thicknesses in the range of 1.5-5 μm.  The targets were driven with a ~3 ns pulse 

shape (Fig. 6.7) with a peak intensity of  5μ1014 W/cm2 that ablates the CH away 

from the front of the target before 1.5 ns.  All measurements presented in this section 

are areal density modulation measurements in SiO2 only, as CH is not present at the 

ablation front during the measurement time.  The 3-3.2 keV x-rays generated by the 

Pd backlighter used in these experiments show nearly 100% transmission through the 

CH.[154]  Figure 6.11 shows the areal density modulation evolution of 15 μm thick 

SiO2 planar targets with 5 μm thick CH ablators on the surface of the target with 

initial pre-imposed mass modulations of 60, 30, and 20 μm wavelengths with initial 

amplitudes of 0.25, 0.125, and 0.125 μm, respectively.  The 60 μm wavelength 

modulation is overplotted with the prediction from the 2-D hydrodynamics simulation 

DRACO using flux limited local thermal transport.  The data shows good agreement 

with the simulation for these conditions.  The data is also overplotted with an 

exponential fit yielding an average growth rate of 1.6±0.2 ns-1.  The 20 μm  
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Figure 6.11.  The modulation evolution of 15 μm thick SiO2 targets with 5 μm CH 
ablators driven by a 3 ns shaped pulse with a peak intensity of 5μ1014 W/cm2 are 
shown.  The targets had pre-imposed mass modulations on the CH ablator with 
wavelengths of 60, 30 and 20 μm with initial amplitudes of 0.25, 0.125 and 0.125 μm, 
respectively.  The 60 μm wavelength modulation is overplotted with the 2-D DRACO 
simulation (red solid line) and fit with an exponential (green dashed line), giving an 
average growth rate of 1.6±0.2 ns-1.   
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wavelength modulation quickly saturates after showing growth up to 2.3 ns into the 

drive.  Experiments were performed using targets with smooth CH ablators imprinted 

by a single mode sinusoidal modulation using a special DPP in a single drive beam 

that was advanced by ~ 100 ps (Chapter 4).  Figure 6.12 shows the modulation 

evolution of a 19 μm thick SiO2 target with 1.5 μm of CH on the front and rear of the 

target imprinted with a 60 μm wavelength perturbation and a 20 μm thick SiO2 target 

with 3 μm of CH on the front and rear of the target imprinted with a 30 μm 

wavelength perturbation.  The 60 μm imprinted modulation amplitude is fit to an 

exponential, giving a growth rate of 1.28±0.09 ns-1.  The 30 μm wavelength 

modulation begins to saturate ~2.25 ns into the drive.   

 

6.3.1.4  Discussion of Low Intensity Results 

 At peak intensities of 5μ1014W/cm2, the areal density perturbation evolution 

in pure 40 µm thick CH targets is reproduced well by predictions from the 2-D 

hydrodynamics code DRACO using flux limited local electron transport.  This is 

consistent with previous results for a square laser pulse with same peak drive 

intensities for 20 μm thick CH foils by V.A. Smalyuk.[97,98]  SiO2 and CH-SiO2 

targets also show good agreement with DRACO for targets with a 60 μm wavelength 

modulation.  Table 6.2 shows the average growth rates obtained from exponential fits 

to the modulation amplitude for CH, SiO2, and CH-SiO2 targets.  The CH target with 

an intensity imprinted modulation showed reasonable agreement with an exponential 

fit yielding the average growth rate for the pre-imposed modulation of the same  
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Figure 6.12.  The modulation evolution of SiO2 targets with thin CH ablators driven 
by a 3 ns shaped pulse with a peak intensity of 5μ1014 W/cm2 are shown.  A 19 μm 
SiO2 target with a 1.5 μm CH overcoat was imprinted with a 60 μm wavelength 
modulation and a 20 μm thick SiO2 target with a 3 μm CH overcoat was imprinted 
with a 30 μm wavelength modulation.  The 60 μm wavelength modulation amplitude 
was fit with an exponential, giving an average growth rate of 1.28 ±0.09 ns-1. 
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Table 6.2.  The average growth rates extracted from an exponential fit for planar RT 
targets driven with a shaped ~3 ns pulse with a peak intensity of 5μ1014 W/cm2 are 
shown.  The targets were seeded with 60 μm wavelength mass pre-imposed and 
intensity imprinted modulations.  SiO2 and CH-SiO2 targets exhibit very similar 
growth rates, typically less than CH targets of comparable mass. 
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wavelength, indicating the 2-D simulation should show reasonable agreement with 

this data if imprinting were modeled correctly.         

 Mass equivalent SiO2 targets showed a reduced average growth rate for 60 μm 

wavelength modulations compared to mass equivalent CH targets due to self emission 

x-ray preheating.  This is consistent with previous experiments using bromine doped 

CH targets.[93,94]  SiO2 targets with thin CH ablators showed similar growth rates to 

pure SiO2 targets for intensity imprinted and mass pre-imposed initial conditions.  

This indicates that the presence of CH in the under dense plasma does not 

significantly impact the observed modulation evolution at the SiO2 ablation front for 

these conditions. 

 

6.3.2  Peak Drive Intensity of 1015 W/cm2 

 Planar Rayleigh-Taylor experiments previously performed on the OMEGA 

laser with a square pulse at intensities of 1μ1015W/cm2 showed significant 

disagreement in modulation evolution compared to 2-D simulations using a variable 

flux limited electron transport model for 20 μm thick CH targets with modulation 

wavelengths below 30 μm, as shown in Fig. 6.1.[97,98]  Planar CH, SiO2 and CH-

SiO2 targets described in Section 6.2.2 were irradiated by a shaped drive pulse with a 

peak intensity of ~ 1 μ1015 W/cm2 and a total pulse duration of ~2 ns to further 

investigate this discrepancy.  Figure 6.13 shows the high intensity pulse shape used in 

the experiments described in this section.  The pulse consists of a ~ 0.5 ns low  
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intensity foot that is ramped for ~ 0.2 ns to a ~1 ns square pulse at its peak intensity 

of ~1015 W/cm2.  Face-on x-ray radiography measurements were performed using the 

configuration described in Section 6.2 and were analyzed using the methods 

described in Chapter 4.   

 

6.3.2.1  CH Targets 

 Planar RT experiments were performed on 40 µm thick planar CH targets 

with both intensity imprinted and mass pre-imposed initial sinusoidal modulations 

using the shaped pulse shown in Fig. 6.13 with a peak intensity of ~ 1015W/cm2.  

Figure 6.14 shows the modulation amplitude evolution of these targets with initial 

mass pre-imposed modulations with wavelengths of 60 and 30 μm and amplitudes of 

0.25 and 0.125 μm, respectively.  For these targets, no modulation growth is observed 

within the uncertainty of the measurements.  The 60 μm wavelength data is 

overplotted with the simulation prediction from the 2-D hydrodynamics code 

DRACO using flux-limited local thermal transport, showing significant over-

prediction of the modulation growth.  Similarly, initially smooth CH targets were 

imprinted with a single mode sinusoidal intensity imprinted modulation by a single 

beam advanced ~ 100 ps before being driven by 10 overlapping drive beams.  Figure 

6.15 shows the modulation evolution for 40 μm thick CH targets with intensity 

imprinted modulations at initial wavelengths of 60 and 30 μm.  Again, no modulation 

growth is observed in the CH targets within the measurement uncertainties.  This  
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Figure 6.14.  The modulation evolution of 40 μm thick CH targets with 60 and 30 μm 
wavelength mass pre-imposed sinusoidal modulations with initial amplitudes of 0.25 
μm and 0.125 μm, respectively, are shown.  The targets are driven with a ~2 ns 
shaped pulse with a peak intensity of 1μ1015 W/cm2.  The targets show no clear 
modulation growth for either wavelength modulation within the uncertainties of the 
measurement.  The 60 μm wavelength data is overplotted with the simulation 
prediction from the 2-D hydrodynamics code DRACO using flux limited local 
electron transport (red line), showing significant over prediction of the modulation 
growth.     
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Figure 6.15.  The modulation evolution of 40 μm thick CH targets with 60 and 30 μm 
wavelength intensity imprinted modulations are shown.  The targets are driven with a 
~2 ns shaped pulse with a peak intensity of 1μ1015 W/cm2.  The targets show no clear 
modulation growth for either wavelength modulation within the uncertainties of the 
measurement. 
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reduction in observed growth is consistent with previous experiments performed on 

20 μm thick CH targets at comparable peak drive intensities, where shorter 

wavelength modes showed increased stabilization compared to longer wavelength 

modes (see Fig. 6.1).[97,98]  This suggests an increase in the ablation velocity, 

decreasing the modulation growth rate according to the Betti-Goncharov RT growth 

rate[20] due to preheating of the target ablation front.  The data presented here shows 

no growth for modulation wavelengths up to 60 μm, while previous experiments with 

thinner CH targets only showed no growth for 20 μm wavelength 

modulations.[97,98]  The difference is due to the reduction in the target acceleration 

for the more massive targets used in the experiments presented here, making the 

reduction in the growth rate due to ablative stabilization more pronounced.  The 

source of the increased ablation velocity will be discussed in Section 6.4. 

 

6.3.2.2  SiO2 Targets 

 Experiments were performed on pure SiO2 targets with an initial density of 

2.65 g/cc to investigate the effect of self x-ray preheating on the areal density 

evolution measured from a face-on x-ray radiography configuration.  Initially smooth 

~ 20 µm thick planar SiO2 targets were imprinted with 60 and 30 μm wavelength 

perturbations by a single drive beam advanced by 100 ps before being irradiated by 

10 overlapping drive beams using the 2 ns shaped pulse with an overlapped peak 

intensity of 1×1015W/cm2, shown in Fig. 6.13.  Figure 6.16 shows the evolution of the  
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Figure 6.16.  The modulation evolution for 20 μm thick SiO2 targets with intensity 
imprinted sinusoidal modulations with wavelengths of 60 and 30 μm are shown.  The 
targets are driven by the ~2 ns shaped pulse at a peak intensity of 1μ1015 W/cm2.  The 
60 μm wavelength modulation is overplotted with the simulation prediction from the 
2-D hydrodynamics code DRACO using flux-limited local thermal transport for a 
0.25 μm amplitude mass pre-imposed modulation (solid red line), showing good 
growth rate agreement between the simulation and experiment.  The data is also fit 
with an exponential (dashed blue line), giving an average modulation growth rate of 
1.6±0.1 ns-1.   
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modulation for imprinted wavelengths of 60 and 30 μm for these targets.  The 60 μm 

modulation is overplotted with the simulation prediction from the 2-D hydrodynamics 

code DRACO using flux-limited local thermal transport for a 0.25 μm amplitude 

mass pre-imposed modulation, showing good growth rate agreement between the 

simulation and experiment.  The data is also fit with an exponential under the 

assumption that the modulation is below saturation, yielding an average growth rate 

of 1.6±0.1 ns-1.  Modulation growth is observed for both wavelengths considered, 

showing a significant difference compared to the behavior observed in the mass 

equivalent CH targets. 

 

6.3.2.3  CH-SiO2 Targets 

 Experiments were performed on SiO2 targets with thin CH ablators to 

investigate the effect of adding CH to the plasma corona on the Rayleigh-Taylor 

growth rate.  The CH ablators on these targets range in thickness from 1.5-5 μm, 

which are ablated from the target before 1.0 ns into the ~2 ns drive with an 

overlapped peak intensity of 1μ1015 W/cm2 (Fig. 6.13).  All measurements presented 

in this section are areal density modulation measurements in SiO2 only, as CH is not 

present at the ablation front during the measurement time.  The ~3-3.2 keV x-rays 

generated by the Pd backlighters used in these experiments show virtually 100% 

transmission through the CH layers of these targets.[154]  Figure 6.17 shows the 

modulation evolution of 15 μm thick SiO2 targets with 3 μm CH layers glued to the  
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Figure 6.17.  The modulation evolution of 15 μm thick SiO2 targets with 5 μm CH 
ablators with 60 and 30 μm wavelength mass pre-imposed sinusoidal modulations 
with initial amplitudes of 0.25 μm and 0.125 μm, respectively, are shown.  The 
targets are driven with a ~2 ns shaped pulse with a peak intensity of 1μ1015 W/cm2.  
The targets show no clear modulation growth for either wavelength modulation 
within the uncertainties of the measurement.  The 60 μm wavelength data is 
overplotted with the simulation prediction from the 2-D hydrodynamics code 
DRACO using flux-limited local thermal transport (solid red line), showing 
significant overprediction of the modulation growth compared to the data.     
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front surface of the targets pre-imposed with 60 and 30 μm wavelength mass 

modulations with initial amplitudes of 0.25 and 0.125 μm respectively.  The glue 

layer is ~ 1-2 μm thick, making the total ablator thickness ~ 5 μm.  For both of these 

targets, no modulation growth is observed in the SiO2 layer.  The 60 μm wavelength 

data is overplotted with the prediction from the 2-D hydrodynamics code DRACO 

using flux-limited local thermal transport, showing significant over prediction of the 

modulation growth compared to the data.  Similarly, 20 μm thick SiO2 targets with 

initially smooth 1.5 and 3 μm thick CH overcoats on the front and rear surfaces of the 

target were imprinted by a single drive beam using a special DPP that advanced the 

remaining 10 drive beams by ~100 ps, imprinting 60 and 30 μm single mode 

sinusoidal modulations on the surface of the targets.  Figure 6.18 shows the 

modulation evolution of these targets, again showing no modulation growth for 

targets with CH ablators as thin as 1.5 μm.   

 

6.3.2.4  Discussion of High Intensity Results 

 At peak intensities of 1×1015W/cm2 significant differences in modulation 

growth are observed in targets with CH ablators compared to targets with SiO2 

ablators of comparable total areal densities.  40 µm thick CH targets with intensity 

imprinted and mass pre-imposed single mode seed modulations of 60 and 30 μm 

show no modulation growth using the face-on x-ray radiography configuration 

describe in Section 6.2.  This is consistent with previous results using a square pulse  
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Figure 6.18.  The modulation evolution for 20 μm thick SiO2 targets with 1.5 and 3 
μm CH overcoats driven by a ~2 ns shaped pulse with a peak intensity of 1μ1015 
W/cm2 are shown.  The targets were seeded with 60 and 30 μm wavelength intensity 
imprinted modulations.  The targets show no modulation growth for the wavelenghts 
considered.  
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at 1μ1015 W/cm2, shown in Fig. 6.1.[97,98]  In contrast, mass equivalent SiO2 targets 

showed clear modulation growth at the SiO2 ablation front.  To investigate this 

difference further, SiO2 targets with thin CH ablators were used.  These targets 

showed no observable modulation growth at the SiO2 ablation front.  At the time of 

the measurements the CH layer at the front surface of the target is completely ablated 

away.  This indicates that the physics responsible for the difference in modulation 

evolution does not depend on the ablation front plasma properties, but rather the 

plasma conditions in the under dense region.   

 The wavelength dependence of the increased stabilization observed in 

previous experiments with CH targets[97,98] combined with the experiments 

presented here suggest that the growth rate reduction is coupled to an increase in the 

target ablation velocity.  This increase is due to preheating of the target ablator (see 

Chapter 2) that decreases the ablation front density leading to an increase in ablation 

velocity.  As additional heat is added to the target ablator, the plasma begins to 

expand, decreasing the peak density of the ablator.  The mass ablation rate of the 

ablation front is given by 

 ,a
a

Vm
ρ

=  (6.1)

where aV  is the ablation velocity and ρ  is the ablation front density.[5,49,153]  The 

mass ablation rate depends on the drive parameters, so for a given experiment a 

decrease in the ablator density will be balanced by an increase in the ablation 

velocity.   
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 A simple estimate can be made of the 1-D hydrodynamics required to stabilize 

the modulation.  Previous experiments with 20 μm thick CH targets exhibiting 

increased stabilization due to target preheat showed good agreement between the 

experiment and simulation for the target trajectories.  This indicates that the target 

acceleration of the CH targets in this thesis are well simulated and this is unlikely to 

be responsible for the observed reduction in RT growth.  Under this assumption, an 

estimate of the target ablation velocity required to stabilize the modulation can be 

found by setting the Betti-Goncharov RT growth rate to 0 and solving for the ablation 

velocity, 

 min

min

,stable

k g
V

k
α
β

=  (6.2)

where α  and β  are constants, g is the calculated target acceleration, and mink is the 

smallest wavenumber where no modulation growth is observed.  Using CH targets, a 

rough estimate of the amount of preheat needed for stabilization can be made.  For 

previous experiments performed by V. Smalyuk, 20 μm thick CH targets were 

irradiated with a 1 ns square pulse with a peak intensity of 1μ1015 W/cm2.[97,98]  At 

this intensity, the ablation velocity for CH is ~ 8 μm/ns, as calculated by equations in 

Chapter 1.  For these conditions, ~ 1α , ~1.7β , and 2~ 395μm/nsg .[20]  The 

largest wavelength where no modulation growth was observed is 20 μm, so using Eq. 

6.2 we find that ~ 20μm/nsstableV .  Similarly, in the experiments discussed here, 40 

μm thick CH targets were irradiated with a shaped pulse with a peak intensity of 

1μ1015 W/cm2.  For these targets, no modulation growth was observed, with the 
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largest wavelength modulation considered being 60 μm, resulting in ~ 25μm/nsablV , 

using 1~α , ~1.7β , and 2~ 198μm/nsg .  Using these results, we approximate the 

preheated ablation velocity to be ~ 22.5μm/ns .  Compared with the typical ablation 

velocity expected in CH, an ablation front density decrease by at least a factor of ~ 

2.8 is needed to explain the stabilization. 

 A more detailed estimate of the amount of preheat required to completely 

stabilize the modulation can be found using the 1-D hydrodynamics code 

LILAC[170] with the addition of a straight-line, fast electron transport model.[171-

173]  While 2-D hydrodynamics codes are essential to provide a complete simulation 

of areal density modulation growth, reasonable approximations in the linear regime of 

the modulation evolution can be made using a 1-D hydrodynamics code and the Betti-

Goncharov growth rate expression for the ablative RT instability (Eq. 2.28 & 

2.29).[20]  The details of the calculation of RT growth rates using 1-D hydrodynamic 

simulations is outlined in Appendix A.  Figure 6.19 shows the modulation evolution 

of the 40 μm thick CH targets with 60, 30, and 20 μm wavelength pre-imposed 

modulations with initial amplitudes of 0.25, 0.125, and 0.125 μm, respectively, which 

are presented in Section 6.3.1.1 of this thesis.  The targets were driven with a shaped 

pulse with a peak intensity of 5μ1014 W/cm2 (Fig. 6.7) and show good agreement 

with the 2-D hydrodynamics code DRACO using flux-limited thermal transport.  The 

figure also shows the calculated modulation evolution in the linear regime of the  
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Figure 6.19.  The areal density modulation evolution for 40 μm thick CH foils with 
pre-imposed mass modulations with wavelengths of 60, 30 and 20 μm are shown.  
The targets are driven by a shaped pulse with a peak intensity of 5μ1014W/cm2.  The 
data are overplotted with simulation predictions from the 2-D hydrodynamics code, 
DRACO, using flux limited local electron transport, (Solid Red Line) as well as the 
simulation prediction from the 1-D hydrodynamics code LILAC (Dashed Green Line) 
using the Betti-Goncharov expression for the ablative RT growth rate, showing good 
agreement between simulation and experiment.   
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modulation evolution using hydrodynamic quantities from the 1-D hydrodynamics 

code LILAC using flux limited thermal transport and the Betti-Goncharov growth 

rate for the RT instability.  The calculations from 1-D LILAC use 0.97α =  and 

1.7β =  in the Betti-Goncharov expression.[20]  During the middle of the target 

acceleration phase (1.6-2.8 ns) the 1-D simulation shows good agreement with the 2-

D simulation and the data.  The 1-D simulation diverges from the 2-D simulation 

early in time due the ablative Richtmyer-Meshkov instability[43,67,68,70,72,73,159] 

and later in time due to the onset of modulation non-linearity for the shorter 

wavelength modes, neither of which is included in the 1-D simulation.[58,59]   

 A hot electron preheat model can be applied to the 1-D hydrodynamics code 

LILAC, creating hot electrons at the quarter critical density due to the two plasmon 

decay instability[87] with a Maxwellian distribution around a mean hot electron 

temperature based on measured values.  The amount of energy deposited into fast 

electrons is determined by  

 
4

( ),
c

fast
fe

n

E
F S

E
η= ⋅  (6.3)

where fastE  is the energy deposited to hot electrons, 
4

cnE  is the laser energy at the 

quarter critical density, ( )S η is a source function that depends on the TPD instability 

threshold η  (Eq. 3.43), and feF  is the adjustable fractional efficiency of the 

conversion of energy from the laser to hot electrons.[171-173]  Hard x-ray 
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measurements from spherical implosions using 27 μm thick CH shells[174] are used 

to determine the source term, giving the expression[171] 

 10 2 2

1 1( ) .
6.7 10 exp( ) 0.25 exp( )0.06 3

S η η η−
= +

× ⋅ ⋅
 (6.4)

This source model along with a fractional efficiency of 0.02feF =  have shown good 

agreement with hard x-ray[172] and areal density measurements[173] from spherical 

implosions.  As the hot electrons begin to interact with the target plasma, the energy 

losses are governed by the Li-Petrasso stopping powers.[175]  The energy lost to the 

plasma alters the 1-D hydrodynamics, modifying the growth rate of the Rayleigh-

Taylor instability.  Figure 6.20 shows the simulated RT growth rates and 

corresponding ablation velocities for a 40 μm thick planar CH target driven by a 

shaped pulse (Fig. 6.13) with a peak intensity of 1015 W/cm2 for different preheat 

fractional efficiencies at 0.86 ns into the start of the laser pulse, the point where 2-D 

DRACO predicts the modulation amplitude will be above the detector noise level.  

The figure shows that a fractional preheat efficiency of ~0.04 (4%) is required to 

completely stabilize the modulation with hot electrons generated by the TPD 

instability by increasing the targets ablation velocity to ~20 μm/ns.  At this time step, 

η  was calculated to be 2.4 from the 1-D simulation using no hot electron preheat.  

Figure 6.21 shows the density and electron temperature of the target at 0.86 ns into 

the drive pulse with no hot electron preheat ( 0%)feF =  and with a hot electron 

preheat fractional efficiency of 5%feF = , just above the minimum required to  
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Figure 6.20.  The simulated RT growth rate (blue diamonds) and corresponding 
target ablation velocities (red squares) for a 40 μm thick CH foil with a 60 μm 
sinusoidal modulation at an initial amplitude of 0.25 μm is shown at 0.86 ns into the 
drive pulse shown in Fig. 6.13 for different preheat factors ( )feF  in 1-D LILAC are 
shown.  The figure shows that the RT modulation can be completely stabilized by hot 
electrons below the detector noise level with a preheat factor of ~ 0.04, corresponding 
to an ablation velocity of ~ 20 μm/ns.   
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Figure 6.21.  The simulated density (blue) and electron temperature (red) profiles for 
a 40 μm thick CH foil at 0.86 ns into the drive pulse in Fig. 6.13 are shown for 
preheat factors of 0%feF = (no preheat – solid line) and 5%feF =  (dashed line), just 
above the amount of preheat required to stabilize the modulation below the detector 
noise level.  The preheated profile shows a significant reduction in peak ablation front 
density, resulting in the increased target ablation velocity responsible for the 
modulation stabilization while the electron temperature is nearly unchanged.   
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stabilize the modulation.  The preheated profile shows a significant reduction in peak 

ablation front density that leads to an increase in the target’s ablation velocity and a 

decrease in the RT growth rate.  This 1-D simulation indicates that hot electrons 

generated in the underdense region of the plasma are capable of preheating the 

ablation front of CH targets to reduce or even completely quench instability growth 

due to the ablative RT instability.   

 As the hot electron preheat model evolves and is applied to more experiments, 

the validity of a preheat factor of ~0.04 will become more clear.  Implementation of a 

hot electron model in 2-D hydrodynamic simulations will play an important role in 

the future development of the relationship between hot electron preheat and the RT 

instability. 

 

6.4  Discussion 

 Significant areal density modulation growth differences are observed at peak 

drive intensities of 1μ1015 W/cm2 compared to 5x1014 W/cm2 for targets with CH 

ablators.  The use of 40 μm thick CH targets, 15-20 μm thick SiO2 targets with 1.5-5 

μm CH ablators, and 17.5-20 μm thick pure SiO2 targets have isolated the source of 

the reduction in observed modulation growth to the presence of CH in the low density 

plasma corona.  The modulation evolution of targets with both CH and SiO2 ablators 

was reproduced well by the 2-D hydrodynamics code DRACO using flux-limited 

local electron transport at a peak intensity of 5μ1014 W/cm2.  At a peak intensity of 
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1μ1015 W/cm2, targets with SiO2 ablators are simulated well using flux-limited 

transport while simulations with CH ablators show significant over prediction 

compared to the observed value.  The modulation wavelength dependence of this 

phenomena found in previous experiments indicates this reduction in growth rate is 

due to a decrease in ablator density due to preheating.[97,98]  The remainder of this 

section will demonstrate the source of the ablator preheating is hot electrons (see 

Chapter 3) with energies on the order of ~100 keV.   

 The presence of hot electrons can be measured experimentally by observing 

the flux of x-rays with an energy greater than 50 keV.  Figure 6.22, taken from C. 

Stoekl, shows the time integrated hard x-ray signal produced by 27 μm thick spherical 

CH shells filled with 20 atm of D2 gas with varying target diameters, altering the 

overlapped drive intensity on the target from 6μ1014 W/cm2 to 8.5μ1014 W/cm2.[89]  

The hard x-ray signal and inferred supra-thermal electron temperatures increase with 

overlapped intensity.  In those experiments, the two-plasmon decay instability was 

responsible for the production of hot electrons, which is demonstrated by the 

magnitude of the 3ω/2 scattered light (see Chapter 3).  The plot demonstrates that the 

hard x-ray signal (and corresponding temperature of hot electrons) increases with 

overlapping beam intensity at intensities relevant to the experiments presented here.  

This is an indication that more hot electrons are present in the CH targets presented 

above at higher intensities, resulting in the reduction in observed RT growth.  Hard x-

ray measurements in planar geometry suffer from significant inconsistencies due to 

complex field structures that lack symmetry.[176]  This prevented useful hard x-ray  
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Figure 6.22.  The time integrated hard x-ray signals produced by 27 μm thick 
spherical CH shells filled with 20 atm of D2 gas with varying target diameters, 
altering the overlapped drive intensity on the target from 6μ1014 W/cm2 to 8.5μ1014 
W/cm2 are shown. The hard x-ray signal (gray circles) and inferred supra-thermal 
electron temperatures (white circles) show an increasing trend with overlapped 
intensity.  In these experiments, the two-plasmon decay instability is responsible for 
the production of hot electrons, which is demonstrated by the magnitude of the 3ω/2 
scattered light (black circles).  Figure taken from C. Stoeckl.[89] 
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data from being taken for these experiments.  We rely on comparable ablator 

materials and peak drive intensities performed in a spherically symmetric 

environment to infer the impact of hot electrons on the experiments presented in 

Section 6.3.  

 Figure 6.23, taken from V.A. Smalyuk, shows the time integrated hard x-ray 

signal of similar spherical targets with CH, SiO2, and CH doped with 5% Si ablators 

for shaped drive pulses with peak intensities from 8μ1014 to 1.1μ1015 W/cm2.[177]  

An increase in the number of hard x-rays detected for CH ablators is observed as the 

overlapped on target beam intensity increases.  The presence of a 5% Si doping 

shows a small decrease in the measured hard x-ray signal compared to pure CH, 

indicating fewer hot electrons are produced.  Targets with pure SiO2 ablators showed 

a 40μ reduction in the measured hard x-ray signal at a peak intensity of 1.1μ1015 

W/cm2, indicating significantly fewer hot electrons are generated with SiO2 ablators 

compared to CH. [177]  These results are consistent with the Rayleigh-Taylor growth 

results for a comparable peak intensity presented here.  Pure SiO2 targets showed 

modulation growth at wavelengths as short as 30 μm, while mass equivalent CH 

targets and SiO2 target with thin CH ablators showed no observable modulation 

growth up to 60 μm wavelength modulations, the largest wavelength considered, due 

to an increase in the target ablation velocity caused by hot electron preheat.   

The hot electrons observed in targets with CH ablators at peak intensities of 1μ1015 

W/cm2 have two primary sources, non-local electrons (Section 3.2) and electrons 

driven by the two plasmon decay instability (Section 3.6).  To fully understand the  
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Figure 6.23.  Time integrated hard x-ray signal of 27 μm thick spherical CH, SiO2, 
and CH doped with 5% Si shells driven with shaped drive pulses at peak intensities 
from 8μ1014 to 1.1μ1015 W/cm2 are shown.  The increase in the intensity of hard x-
rays detected for CH ablators is observed as the overlapped on target beam intensity 
increases.  Additionally, the presence of a 5% Si doping shows a small decrease in the 
measured hard x-ray signal compared to pure CH, indicating fewer hot electrons are 
produced.  Targets with pure SiO2 ablators showed a 40μ reduction in the measured 
hard x-ray signal at a peak intensity of 1.1μ1015 W/cm2, indicating significantly lower 
energy hot electrons are generated with SiO2 ablators compared to CH.  Figure taken 
from V.A. Smalyuk.[177] 
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impact of each of these sources individually, a 2-D hydrodynamic simulation 

including non-local thermal transport and full laser-plasma instability capabilities in 

the under-dense region of the plasma is needed.  At the time of this writing, no such 

capability exists.  Due to the complexity of non-local electron transport, it is not 

practical to dismiss non-local electrons as a potential source of hot electrons.  This 

work will focus on laser plasma instabilities in the subcritical plasma as a source for 

producing electron plasma waves that accelerate electrons to suprathermal 

temperatures.  As discussed in Chapter 3, the primary mode an incident photon can 

decay in the under-dense plasma that would generate hot electrons that would preheat 

the target is the two-plasmon decay (2ωp/TPD) instability.[39,87,89,90]     

The TPD instability threshold depends on the electron temperature, scale length and 

laser intensity at the ¼ critical surface in the under-dense plasma, as discussed in 

Chapter 3.  The threshold parameter can be written 

 
 

14

2 ,
230p

e

I L
Tωσ =  (6.5)

where 14I  is the laser intensity (in units of 1014 W/cm2), L  is the electron density 

scale length (in units of μm) and eT  is the electron temperature (in units of keV) – all 

evaluated at the 4
cn surface of the plasma.[16,87]  A plasma is susceptible to the 2ωp 

instability when σ2ωp is greater than 1.  Given comparable driver conditions, higher 

density materials ablate more slowly into the under dense plasma corona and will 

have a shorter density scale length at the quarter critical density.  The density of the 
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CH ablators used in these experiments is 1.05 g/cc, while SiO2 ablators are 2.65 g/cc.  

This indicates that CH ablators would show signs of the TPD instability at lower 

drive intensities than SiO2.   

 Figure 6.24, taken from W. Seka, shows drive intensity profiles over-plotted 

with the simulated TPD threshold parameter for spherical targets with CH, CD, and 

CH doped with 5% Si ablators of varying thicknesses.[90]  For each target type, the 

3ω/2 and ω/2 scattered light measurement are shown with their respective lineout’s, 

indicating the presence of the TPD instability.  For a peak intensity of 6.7μ1014 

W/cm2, a 5 μm thick CH ablator doped with 5% Silicon shows virtually no calculated 

or measured TPD artifacts, a 10 μm CH ablator driven at a peak intensity of 6μ1014 

W/cm2 starts to show some signs of the TPD instability, while a 9.5 μm CD ablator 

driven at a peak intensity of 1μ1015W/cm2 shows significant scattering due to the 

TPD instability.  This indicates that the experiments performed in this work for CH 

targets at peak intensities of 1μ1015 W/cm2 are well above the TPD threshold, while 

the experiments performed at 5μ1014 W/cm2 are slightly below or at the threshold.  

The presence Si atoms in the ablator show reduces the measured TPD signal for 

comparable intensities.  This is consistent with the hard x-ray measurements for pure 

CH and SiO2 ablators presented in Fig. 6.23.  This indicates that Si-containing 

ablators are less susceptible to the TPD instability than equivalent CH ablators for the 

drive intensities considered in this work.  This effect is due to a decrease in density 

scale-length in SiO2 ablators in the under-dense region compared to CH ablators due 

to the higher density of SiO2 as well as an increase in the ion temperature due to the  
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higher Z of SiO2.  Assuming similar energy is available to allow the coronal plasma 

to expand, a low density CH plasma will expand more quickly than a higher density 

SiO2 plasma leading to larger scale lengths in the CH plasma when compared to SiO2 

at an equivalent time.  The calculated TPD threshold has been shown in Chapter 3 for 

driver wavelengths of 0.351 μm.  The parameter can be written in a driver wavelength 

dependent form,  

 
2

14( ) ( ) ( / ) 1,
81.86 ( )e

L m m I W cm
T keV

μ λ μ >
⋅

(6.6)

where L  is the density scale length in microns, λ is the driver wavelength in microns, 

I14 is the driver intensity in 1014 W/cm2 and Te is the electron temperature in keV, all 

evaluated at the ¼ critical surface.[16,87]  For the CH targets presented here, 2-D 

simulations indicate mL μ150~  and keVTe 5.2~ .  For a peak intensity of 

5μ1014W/cm2, the threshold parameter is approximately 0.9 while for peak intensities 

of 1μ1015 W/cm2, the threshold parameter is approximately 1.8, well above the TPD 

limit.   

 This result may explain discrepancies between experiment and simulation in 

some of the previous RT experiments outlined in Section 6.1.  It is convenient to 

compare the experiments performed on the 0.263 μm wavelength NIKE laser at 

NRL[104] to the experiments performed on the 0.53 μm wavelength GEKKO laser at 

ILE[103] using 40 μm and 20 μm thick CH targets, respectively.  The experiments 

performed on NIKE show good agreement with flux limited 2-D simulations at 
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wavelengths as short as 15 μm, while experiments performed on the GEKKO laser 

required non-local transport to explain short wavelength modulations and local 

transport to explain longer wavelength modulations.  Both experiments were 

performed at a peak intensity of 7μ1013W/cm2.  Lacking the full under-dense plasma 

properties required to quantitatively define the TPD threshold for these experiments, 

we focus on the known parameters. Under the assumption that driver wavelength 

dominates the difference in the TPD parameter for these similar experiments, the 

TPD parameter of the GEKKO experiments is ~2μ greater than that found in the 

NIKE experiments.  This suggests that the measurements made on GEKKO may be 

more susceptible to hot electron preheat from the TPD instability than the 

experiments performed on NIKE.  This may better explain the discrepancies observed 

at shorter wavelength modulations when using a local electron transport model.   

 

6.5  Importance of Preheat in Direct-Drive Ignition 

 As discussed in Chapter 3, hot electron preheat is a major concern for the 

success of direct-drive inertial confinement fusion ignition.  To maximize the amount 

of compression achievable for a particular target and drive pulse design the target 

must be adiabatically compressed with the lowest entropy possible.[5,6]  If a target is 

preheated by hot electrons the temperature increases, resulting in an increased 

expansion of the plasma.  This increase in expansion leads to a reduction in the 

density that increases the entropy of the target according to Eq. 3.25.  The results 
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presented in this chapter demonstrate the presence of hot electron preheat in CH 

ablators when driven at peak intensities of 1μ1015 W/cm2 due to the TPD instability 

in the under-dense coronal plasma as well as a potential contribution due to non-local 

electrons.  This effect has been observed in a variety of laser-plasma instability 

experiments performed at comparable peak intensities with CH targets, some of 

which have been outlined in the previous section.[39,89,90,97,98]  The effect of hot 

electron preheat has been experimentally observed in direct-drive spherical cryogenic 

implosions, where ~860 μm diameter cryogenic targets with 4 μm CD ablators 

encasing a ~95 μm thick D2 ice layer were uniformly imploded at peak intensities 

between 3μ1014 and 1μ1015 W/cm2.[39]  Figure 6.25, taken from V. A. Smalyuk, 

shows the measured target areal densities at the peak of the fusion burn measured by 

down-scattered proton spectra (a) as well as the measured areal density normalized to 

the 1-D hydrodynamic predictions using both local (white diamonds) and non-local 

(black circles) electron transport.[39]  Targets driven at peak intensities around 

3μ1014 W/cm2 show good agreement between the measured ρR and the 1-D 

predictions before plummeting below predictions by up to 50% as the intensity 

increases up to 1μ1015 W/cm2.  Simulations show that to achieve ignition in direct-

drive inertial confinement fusion, the target must reach a minimum implosion 

velocity of ~ 4μ107 cm/s.[15]  For ignition target designs that balance the effects of 

hydrodynamic instabilities, target fuel content, total target mass, and a variety of 

other design parameters, this implosion velocity is only achievable for peak drive 

intensities above 1μ1015 W/cm2, subjecting most conventional target ablators to  
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significant hot electron preheat.[15,39]  Preliminary calculations have been 

performed on alternate ablator materials with higher TPD thresholds to investigate 

their feasibility in a direct-drive ignition design.  Of particular interest is SiO2, which  

shows a double ablation front structure (discussed in Chapter 3) due to the self 

absorption of soft x-rays that makes the ablator less susceptible to RT growth while 

increasing the intensity threshold for the TPD instability in the sub-critical 

plasma.[93-95] 

 

6.6  Summary 

 This chapter has shown the measured evolution of single mode sinusoidal 

areal density perturbations in planar CH, SiO2, and CH-SiO2 foils driven with shaped 

pulses at peak intensities of 5μ1014 W/cm2 and 1μ1015 W/cm2.  These data indicate 

increased stabilization in the modulation growth of targets with CH ablators driven 

with the higher intensity pulse shape due to hot electron preheat.  The lower intensity 

pulse shows good agreement for the CH, SiO2, and CH-SiO2 targets with the 2-D 

hydrodynamics code DRACO using flux limited local electron transport.  The higher 

intensity pulse shows good agreement with the simulation for SiO2 but shows 

significant over prediction of the modulation growth by the simulation for CH and 

CH-SiO2 targets.  The data for pure CH targets is consistent with previous 

experiments performed on the OMEGA laser under identical peak drive 

intensities.[97,98]   
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7. Conclusion 

 This thesis has presented experimental investigations of the Rayleigh-Taylor 

instability[33,36] in directly-driven planar foils using materials and conditions 

relevant to inertial confinement fusion (ICF) ignition[5,6].  In ICF, a spherical 

capsule is uniformly compressed through mass ablation to achieve the fuel density 

and temperature conditions required for the fusion fuel (deuterium-tritium, DT) to 

overcome the repulsive coulomb potential, releasing energy in the form of energetic 

neutrons.  Throughout the implosion it is essential to maintain the target’s integrity – 

a cold, high density shell surrounding a hot, low density core.[5,6]  During the 

acceleration phase of the implosion small areal density perturbations on the outer 

surface of the shell grow due to the ablative Rayleigh-Taylor instability.[5,6]  These 

modulations feed through to the inner surface of the target shell.[44,45]  As the target 

driver turns off, the target shell begins to decelerate, converting its kinetic energy to 

thermal energy in the target core.  During this phase, the interface between the shell 

and the hot, low density core is susceptible to the Rayleigh-Taylor instability.  If the 

modulation amplitude becomes sufficiently large compared to the shell thickness 

during any phase of the implosion the target integrity begins to break down and the 

target is subject to mixing.  Mixing allows cold material in the shell into the hot core 

(hot spot), quickly quenching the fusion conditions created at the core and preventing 

thermonuclear ignition from occurring.   
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Areal density modulations on the surface of the target can be seeded by non-

uniformities during manufacturing (mass pre-imposed) and/or the spatial profile of 

the driver (laser-imprinting).  Significant mitigation of laser imprinting is achieved 

using smoothing by spectral dispersions[136] (SSD) and distributed phase plates[127] 

(DPP), while careful target fabrication is required to minimize manufacturing defects.  

Despite mitigation efforts, areal density modulations on the shell of a target designed 

for direct-drive ignition are unavoidable.  It is essential to understand how these areal 

density modulations evolve to ensure that targets designed to achieve thermonuclear 

ignition are robust to the Rayleigh-Taylor instability.  2-D hydrodynamic simulations 

play an important role in the development of ICF targets designed to achieve ignition 

and they must be benchmarked to experimental data.  This thesis contributed to the 

benchmarking of RT instability growth in cryogenic D2 as well as CH, SiO2, and CH-

SiO2 at drive intensities relevant to direct-drive ICF ignition.   

 

7.1  Cryogenic D2 RT Experiments 

 The spherical target designed to achieve thermonuclear ignition in direct-drive 

ICF consists of a thin plastic ablator surrounding a thick, cryogenically cooled DT ice 

shell surrounding a DT gas core.[15]  When driven, the thin plastic layer is quickly 

ablated and the remainder of the drive is ablative in DT.  These targets are predicted 

to have increased stabilization to the RT instability due to increased ablation 

velocities and ablative stabilization constants when compared to a typical CH 
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ablator.[20]  The DT ice shell is more robust to instability growth due to its decreased 

density, allowing thicker shells to be designed without sacrificing implosion velocity.  

A planar cryogenic D2 target with a single mode sinusoidal modulation was driven by 

12 UV OMEGA[163] drive beams to measure the temporal evolution of the RT 

unstable modulation.  The D2 target is hydrodynamically comparable to the DT shell 

used in spherical cryogenic targets designed to achieve thermonuclear ignition.  This 

is the first experimental measurement of RT growth in cryogenic D2 using a mass pre-

imposed initial modulation that is required to reproduce the experiment in the 2-D 

hydrodynamics code DRACO[126].  DRACO reproduced the measured modulation 

optical depth in these complex targets relatively well using flux-limited local thermal 

transport[79].   

 The work presented on planar cryogenic D2 targets is far from a complete 

verification of the stability qualities of DT ablators in ignition target designs.  Instead, 

the work is a promising first step indicating that the 2-D simulations work well at the 

particular conditions used in these experiments as well as laying the groundwork for 

target development for these types of experiments.  Future experiments are needed at 

intensities up to 1015 W/cm2, the intensity required to achieve the peak implosion 

velocity necessary for thermonuclear ignition.[15]  The use of low energy (soft) x-

rays or charged particles to radiograph the D2 ablation front directly should be 

considered to obtain direct measurements of the D2 layer.  Development of these 

methods would provide a significant contribution to the benchmarking of the 

hydrodynamic codes for cryogenic D2 and henceforth, DT.   
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7.2  CH, SiO2 and CH-SiO2 RT Experiments 

 To achieve the implosion velocity required for ignition in direct-drive inertial 

confinement fusion targets must be driven with a peak intensity of ~1015 W/cm2.[15]  

Previous experiments investigated the growth rate of the Rayleigh-Taylor instability 

in planar plastic foils under these conditions.[97,98]  These experiments showed a 

significant overprediction of the amplitude of short wavelength modulations by the 2-

D hydrodynamics code DRACO[126] caused by hot electron preheat at the target 

ablation front.  Experiments preformed at a peak intensity of 5μ1014 W/cm2 showed 

good agreement with DRACO using a flux-limited thermal transport model[79].  This 

thesis presented planar RT experiments at peak intensities of 5μ1014 and 1015 W/cm2 

using plastic (CH), glass (SiO2), and glass targets with thin plastic ablators (CH-

SiO2).  All three target types showed good agreement with DRACO at a peak 

intensity of 5μ1014 W/cm2, while targets driven at 1015 W/cm2 showed significant 

differences in their growth behavior.  Pure SiO2 targets showed good agreement with 

the modulation growth rate predicted by DRACO.  However, CH and CH-SiO2 

targets (with CH ablators as thin as 1.5 μm) showed a significant reduction in 

Rayleigh-Taylor growth compared to the predictions by DRACO.  These experiments 

have isolated the cause of the hydrodynamic stabilization observed to the presence of 

CH in the underdense region of the target and not the target’s ablation front.  Previous 

experiments in spherical geometry have indicated a significantly larger hot electron 

population (measured by x-rays greater than 40 keV) in CH targets compared to SiO2 

driven at ~1015 W/cm2. [177]  Targets with CH ablators have been used to explore the 
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two plasmon decay (TPD) laser plasma instability that produces hot electrons.  These 

experiments indicate that the conditions in the CH corona in the RT experiments 

presented here at a peak intensity of 1015 W/cm2 are above the TPD 

threshold.[87,89,90]  The presence of hot electrons in CH targets driven at 1015 

W/cm2 is consistent with the increased RT stability observed in the experiments 

presented in this thesis because hot electrons preheat the ablation front, increasing the 

ablation velocity, reducing the RT growth rate.[97,98]  The reduced hard x-ray signal 

in SiO2 compared to CH observed at 1015W/cm2 is consistent with the lack of 

increased modulation stabilization observed in SiO2.[177]  These data suggest that hot 

electrons due to the TPD instability are a source of the observed increase in 

stabilization of the RT instability in targets with CH ablators driven at 1015 W/cm2.   

 The implications of this work have conflicting interpretations.  From a 

hydrodynamic stability standpoint, the hot electron preheat observed in CH targets 

driven at 1015 W/cm2 significantly reduces (and in some cases, quenches) instability 

growth during the acceleration phase of the implosion.  Targets exhibiting this effect 

would demonstrate robustness to instability growth during the acceleration phase of 

the implosion, allowing a target to achieve peak compression without losing the target 

integrity required for hot spot inertial confinement fusion ignition.  However, 

preheating increases the target’s adiabat, increasing the amount of on-target energy 

required to compress the target to the desired density.[39]  The impact of hot electron 

preheat on ICF implosion experiments has been explored previously, showing 

significant reduction in target performance compared to simulation predictions when 
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hot electrons are present.[39]  The experiments presented in this thesis provide 

important details essential to the design of direct-drive ignition targets in the effort of 

balancing hydrodynamic stability with compression efficiency.  It has been shown 

that a plastic ablator as thin as 1.5 μm produces enough ablator preheat to 

significantly reduce the modulation evolution during target acceleration.  Future 

experiments need to be performed to determine the impact of thin CH ablators on 

target compression through implosion experiments with SiO2 shells.  RT experiments 

using CH targets with high-Z ablators would provide insight into the relationship 

between the under dense plasma conditions and the target’s ablation front stability.  

These experiments, combined with a better understanding of the under dense laser 

plasma interactions, are essential to developing the complete set of simulation tools to 

accurately predict the success of a direct-drive ignition design.   

 

7.3  Final Remarks 

 A thorough understanding of the Rayleigh-Taylor instability in laser driven 

plasmas is essential to the success of the direct and in-direct drive inertial 

confinement fusion ignition campaigns.  As technology improves and laser systems 

become more evolved, so will the need for improved understanding of the RT 

instability.  The use of longer pulses, increased laser energy, and different 

wavelengths of incident laser light will provide new opportunities to explore this 

concept with increasing complexity.  State of the art laser facilities such as 
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OMEGA[163] and OMEGA-EP[178] provide a platform to explore instability growth 

at the forefront of the field and are essential to the ignition implosion experiments 

planned for the National Ignition Facility (NIF)[179].  The role of OMEGA-EP is 

particularly important as it becomes necessary to explore the very late non-linear 

behavior of the RT instability that may lead to mixing and hot spot quenching in 

ignition attempts on the NIF.    
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A. The Role of 1-D Hydrodynamics in RT 

Experiments 

  In Rayleigh-Taylor (RT) experiments performed in high energy-density 

physics, it is essential to compare experiments to 2-D hydrodynamic simulation tools, 

such as DRACO.[126]  These simulations are computationally resource intensive and, 

at the time of this writing, are restricted on their treatment of thermal transport 

compared to 1-D simulation tools such as LILAC[170].  A bridge can be made 

between 1-D and 2-D simulations when investigating the Rayleigh-Taylor 

instability[33,36] using the Betti-Goncharov growth rate formula.[20]  This appendix 

outlines how the RT instability growth rate is calculated with parameters from the 1-

D hydrodynamic simulation LILAC, showing reasonable agreement with the 2-D 

hydrodynamics code DRACO.   

 

A.1  1-D Hydrodynamic RT Parameters 

 The Betti-Goncharov growth rate for the ablative RT instability is given by 

 ,
1 a

m

kg kV
kL

γ α β= −
+

 (A.1)

where α  and β  are constants, k  is the modulation wavenumber, mL  is the density 

scale length at the ablation front, g  is the acceleration, and aV  is the ablation 
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velocity.[20]  The constants α  and β  depend on the target material and driver 

conditions and are typically calculated using simulation tools.[20]  The wavenumber 

k  for a single mode experiment (such as those presented in this thesis) is known from 

target manufacturing or characterization of the laser imprinting and can be extracted 

directly from the experiment.  With good approximations of g , aV , and mL , a 

reasonable approximation of the RT growth rate can be calculated. 

 Figure A.1 shows a simulated 1-D density profile of a planar target from 

LILAC while the target is being directly driven from right to left, creating the targets 

ablation surface on the right side.  The target acceleration can be extracted from a 1-D 

hydrodynamics simulation by using the position of the rear surface of the target to 

map out the trajectory.  The minimum value of the density scale length at the ablation 

front is found by calculating the density scale length along the targets ablation front 

and taking the minimum value.  To find the ablation velocity, the location of the 

ablation surface is defined as 

 
( )ln( )

min ,a

d
r

dr
ρ⎡ ⎤

= ⎢ ⎥
⎣ ⎦

 (A.2)

where ρ  is the density profile.  To ensure the correct value is obtained, only densities 

at least 2% of maxρ  are considered.  The velocity of the shell is calculated as the 

density-weighted average of the velocity within the max
maxe

ρ ρ ρ< <  density region.  

The mass ablation rate is defined as 

 [ ]max ( ) ( ),a shellm v r v rρ= − ⋅ (A.3)
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Figure A.1.  The simulated density profile of a planar CH foil simulated by 1-D 
LILAC is shown.  The target is driven from the right side, creating the ablation front.   
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where v is the material velocity at location r , shellv  is the velocity of the target shell 

and ρ  is the density.  To ensure that only the ablation front is consider, am  is only 

calculated for radii greater than the ablation surface ( )ar r> .  The targets ablation 

velocity can now be calculated by 

 
max

,a a
a

abl

m mV

e
ρρ

= =  (A.4)

where the characteristic ablator density is given by 1
maxeρ − .   

 Using these parameters, the modulation evolution of a single mode areal 

density modulation unstable to the Rayleigh-Taylor instability was calculated and 

compared with the 2-D simulation DRACO and experimental measurements showing 

good agreement after target acceleration and prior to the onset of non-linear effects 

(Fig. 6.19).   
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