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Performance degradation in laser-driven inertial confinement fusion (ICF) implosions is
caused by several effects, one of which is Rayleigh—Taylor instability growth. Defects in
ICF targets such as internal voids and surface roughness create instability seeds in the shell
as shocks propagate through the target. A comprehensive understanding of seeding mech-
anisms is essential to characterize the impact of target defects on inflight shell integrity
and mass injection into the central, lower-density vapor region. Analysis of early-time
behavior of both single-mode shell mass modulations and isolated voids is informed by
examining the evolution of the acoustic waves launched by these target imperfections. A
systematic study of localized perturbation growth as a function of defect placement and
size is presented. The use of low-density ablator materials (such as foams) is suggested as
a potential mitigation strategy to improve target robustness against the impact of defect-

initiated growth.
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I. INTRODUCTION

One of the primary objectives of inertial confinement fusion (ICF) research is the full under-
standing of the impact of hydrodynamic instabilities on implosion performance, and the amount of
existing publications on this subject is extensive.'> Since ICF implosions are intrinsically unstable,
research efforts emphasize identifying and mitigating sources of asymmetry that seed instabilities
like Rayleigh-Taylor (RT)>* and Richtmyer—Meshkov (RM),>® which is crucial in designing ro-
bust implosions. Small shell nonuniformities are exponentially amplified by the RT instability at
the outer surface of the target (ablation front) during shell acceleration and at the inner surface
during shell deceleration. In addition, material interfaces in the shell can be RT unstable during
various stages in the target implosion. Because of significant RT amplification, accurately model-
ing the evolution of initial perturbation seeding is key to assessing the robustness of shell designs
against hydrodynamic instability growth. These perturbation seeds are set by the early-time hy-
drodynamic evolution initiated by shocks and various acoustic waves as they travel through the

ablator and main fuel prior to shell acceleration.

Traditionally, early-time perturbation evolution is attributed to RM and RM-like instability
growth at the ablation front and various material interfaces.”~’ RM perturbation evolution in both
laser direct-drive (LDD) and laser indirect-drive (LID) designs exhibits oscillatory behavior that
depends on thermal conduction and radiation transfer. The importance of RM evolution was em-
phasized in Refs. 8 and 9 in explaining stability properties of adiabat-shaped low-foot and high-
foot designs in LID implosions. The significance of the evolution of acoustic waves inside the
shell in the early stages of implosions was recently presented in Ref. 10 in relation to the analysis
of imprint growth in adiabat-shaped LDD designs, and it was found that the material flow from

inside the ablator to the ablation front reduced perturbation amplification during shock transit.

Instability seeds deposited at the ablation front can be caused by asymmetries in laser illumi-
nation, target-positioning offset, and target-material imperfections. The laser can impose long-
wavelength perturbations of the order of the target diameter (millimeter scale) due to individual
beam power imbalances and mispointing. Single-beam nonuniformities caused by beam speckle
structure can imprint short-scale (micron) perturbations.!!~!3 Target imperfections from manufac-
turing processes create instability seeds in the form of roughness or isolated “dome” features on
the outer surface, gaps or separation between material layers, ice-layer roughness, and internal de-

fects such as voids and bubbles. Additionally, tritium-decay from the DT fuel can deposit energy
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into the ablator and DT ice layers (creating 10° to 10* helium-3 bubbles inside the ice per day)
and cause localized swelling in the plastic ablator material.'# It is important, therefore, to fully
understand the influence of these mass modulations on target performance.

A range of evidence from integrated ICF modeling and experiments supports the importance of
accounting for voids and defects. Experimental data reported in Refs. 15 and 16 show that implo-
sions with a fuel adiabat below a threshold value exhibit enhanced x-ray core emissions that can
be explained by mixing CH ablator material into the core. X-ray self-emission imaging in Ref. 17
shows meteor-like features created by high-mode perturbations thought to be caused by defects.
Simulations, however, indicate that although short-scale laser imprint is capable of mixing carbon
deep into the ablator, it cannot transport it all the way to the core.'®!? In addition, DRACO simu-
lations of lower-adiabat OMEGA implosions show that imprint alone cannot explain the level of
ablator—fuel mixing observed in experiments.?’ Similar inconsistency with imprint-only simula-
tions was observed in the measurement of hot-spot self-emission evolution.?! Surface defects (5
to 20 mm in diameter and 0.5 to 5 mm high), however, have been shown to jet material (includ-
ing ablator material) into the hot spot and degrade the target performance.?> The importance of
defects was also emphasized in recent high-resolution simulations of LID implosions, suggesting
that seeding by defects and voids reduces fuel compressibility.>*

The aim of this paper is to study the evolution of internal (“bulk™) perturbations created by
micron-scale features inside the ablator and ice materials, and to propose potential target designs
reducing their degradation effects. Planar, 2-D foils driven by a laser-like heat flux up to the start
of foil acceleration are used as a platform to study hydrodynamic wave propagation due to internal
perturbations found in both LDD and LID implosions. Foils are used to simplify the analysis since
convergence effects are not significant in early-time evolution.

First, Sec. II introduces the multi-physics code and numerical methods used to capture the evo-
lution of the internal waves responsible for communicating perturbation information throughout
the target. Interface and wave dynamics in a typical ICF implosion are covered as a foundation
for explaining perturbation evolution mechanisms. Next, Sec. III presents the results of single-
mode perturbations (short and long wavelength). Analyzing single-mode perturbations facilitates
a better understanding of seeding mechanisms in the complex setting of a layered target with a
low-adiabat laser pulse design. Long-wavelength perturbation simulations show that the rarefac-
tion wave due to the CH-DT interface creates a large increase in seed amplitude at the ablation

front. Short-wavelength simulations show that the interaction with the distorted CH-DT interface
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and phase oscillation of the ablation-front distortion create situations where shell thickness and
perturbation placement can reduce or delay the onset of exponential growth. Simulations of short-
wavelength perturbations buried deep in the ice show rapid growth amplification despite ablative
stabilization due to shock-induced vorticity convection at the ablation front.

Section IV investigates changing shell thickness and adiabat to determine which physical pro-
cesses dictate seed-amplitude evolution. Increasing the thickness alters internal wave dynamics by
lengthening characteristic wave propagation times within the shell, and increasing the adiabat im-
proves ablative stabilization for short-scale perturbations. Section V examines perturbation wave
evolution due to micron-scale isolated defects, which create complex wave interactions due to the
presence of multiple shocks, interfaces, and disparate sound speeds in the ice and ablator mate-
rials. Simulations predict that isolated voids create shell mass modulations significant enough to
weaken and puncture the shell shortly after the acceleration phase begins. Section VI concludes
by presenting a potential strategy to reduce the impact of these internal perturbations with an al-
ternate ablator material such as foam. A thicker ablator with a lower-density material reduces
secular feedout growth (demonstrated by long-wavelength perturbations in Sec. III) by increasing
the rarefaction wave transit time through the shell, and experiences increased levels of ablative

stabilization that is beneficial for reducing short-scale perturbation growth.

1. BACKGROUND
A. Numerical Methods

A new parallel multiphysics code that emphasizes low-noise, low-dissipation, and high-order
accuracy in order to track characteristic wave propagation within the ICF context is used in this
work to study perturbations inside the solid-density DT-ice and plastic ablator materials with high
fidelity. Minimizing numerical dissipation and noise is essential to accurately capture seeding
mechanisms from micron-size perturbations. High-order spatial accuracy is also desirable to cap-
ture the sharp interfaces at reasonable resolutions within a fixed Eulerian mesh since the primary
hydrodynamic instabilities (RT and RM) encountered during implosions are highly dependent on
interfacial gradients.

To achieve these goals, the multiphysics code Cygnus> solves the ideal gas, single-material,

single-temperature compressible Euler equations coupled with thermal conduction on a fixed 2-D
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Cartesian mesh. The finite-volume hydrodynamics scheme uses a low-dissipation shock-stable
Riemann solver (M-AUSMPW™).2 High-order spatial accuracy (and low-dissipation reconstruc-
tion and limiting) is achieved via the third and fifth-order Multi-dimensional Limiting Process
(MLP).?’ Hydrodynamic temporal integration is handled by the third-order Strong Stability Pre-
serving Runge—Kutta method.”® Heat conduction is solved using the second-order alternating-
direction implicit (ADI) method?® with Spitzer’® thermal conductivity (k  7°72) without flux
limiting. Laser energy is added as a heat flux source term (without ray tracing) and is deposited
at a critical density value (r  0:03 g/cm?, assuming fully ionized CH) in the coronal region of
the simulation domain. The thermal and hydrodynamic solvers are coupled through second-order
Strang operator splitting.>!

To mimic the spatial profile of laser energy deposition, the heat flux (¢) is a spatially decaying

function
§(t;5,y) = go(r)el! =0T, (1)

for x  xp, where x is the critical density location, ¢o(¢) is the peak heat flux at x, and p deter-
mines the decay rate (a value of p = 1:5 is used in this paper). This form has the laser energy
entering the simulation domain from the +x boundary. Using a heat-flux source rather than a
pressure drive allows for the creation of the conduction zone region between the ablation front and
deposition location. The conduction zone plays a critical role in perturbation evolution at the abla-
tion front’” — sizes are on the order of 10 to 100 mm (time-dependent) in the simulations presented
in this paper. The peak heat flux ¢o(¢) is provided as a pulse shape.

The 2-D, planar foil geometries are simulated in a rectangular domain with mesh cell spacing

of 0:05 mm (unless otherwise specified). Foil acceleration occurs along the x axis (from xpyax to

Xmin)-

B. Wave and Interfacial Dynamics

Internal perturbation evolution is complex due to a multitude of waves (shocks, rarefaction,
and compression waves), and their interaction with the inner- and outer-shell surfaces and material
interfaces present in ICF target designs. Because spherical convergence effects are not important
during the early stages of an ICF implosion—and to illustrate the origin of different waves and
their evolution—a planar target driven by a canonical low-adiabat pulse is used in this study as

a surrogate for a typical OMEGA cryogenic implosion design. The target consists of three fluid
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regions: a 100ym-thick, low-densityr = 0:001 g/cnt layer representing the vapor region; a 40-
mm-thick, r = 0:25 g/cn? layer representing DT ice; and ann@n-thick, heavier-density =
1 g/cn? layer to mimic the plastic (CH) ablator. Simulations in this study were run from the

beginning of the laser drive up to the early stages of shell acceleration.

FIG. 1. Interface and shock trajectories (position versus time) for the target and laser pulse.

Figure 1 shows the ablation front, CH-DT interface, and shock trajectories for this target
driven by a low-adiabat laser pulse. The adiabais de ned as the ratio of fuel pressure to
Fermi-degenerate pressure at fuel density, and for fully ionized DT this can be writégs &s
p=2:2r 53, with p in Mbar, andr in g/cn®. This particular pulse sets the DT-ice layer minimum
adiabat to 2 when the shock breaks out into the gas layer. The laser pulse consists of a single
Gaussian-intensity pulse (picket) and a low-intensity foot followed by a rise to the main drive.
The picket launches a shock at the beginning of the drive and when the picket intensity drops after
t = 100 ps, a rarefaction wave (RW) travels from the ablation front to the shock front, reducing its
strength (the shock begins to decay at this point). For the design shown in Fig. 1, this RW arrives
at the shock front at= 200 ps as the shock front passes through the CH-DT interface. Since the
ablator material density is higher compared to the DT ice, a rarefaction wave (RW1) is launched
back to the ablation front when the shock passes through the CH-DT interface, and a transmitted
shock of reduced strength is launched into the DT ice.

As RW1 propagates through the ablator, the shell has pressure and density pro les similar to
the ones shown in Fig. 2. Figure 2(a) shows the pro le immediately after the rst shock has
passed through the CH-DT interface. The rarefaction wave RW1, which has a distinct head and

tail, moves from left to right in the gure—from the CH-DT interface toward the ablation front
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FIG. 2. After the rst shock passes through the CH-DT interface, a re ected rarefaction wave travels out-
ward (to the right) to the ablation front. Density is shown in blue and pressure in black. (a) The transmitted
shock and rarefaction begin to propagate to the left and right respectively. (b) The pressure and density

gradients within the rarefaction wave atten out as it moves toward the ablation front.

(nearx= 1385 mm andx = 1415 nm, respectively, in the upper pane). This rarefaction process
relaxes the local density and attens out the pressure gradient later in time, which can be seen in
Fig. 2(b). While the laser is off between the picket and foot, the shell thickness (distance between
the CH-DT interface and ablation front) increases due to the reduction in ablation pressure. This
rarefaction process is repeated again after the foot shock (launched by the foot of the pulse) passes
through the CH-DT interface. The primary difference between the rst and second shock is that
the second shock is supported. The rarefaction after the second shock (RW2) takes less time to
travel from the interface to the ablation front because of the smaller ratio of ablator thickness to
ablator sound speed. The second shock launches into the shell at 0.5 ns, reshocks the CH-DT
interface near 0.65 ns, and merges with the rst shock front close to the gas interface (near 0.9 ns,
see Fig. 1).

When a shock wave passes through an internal perturbation, such as a defect, a void in the ma-
terial, or an interfacial gap, it launches perturbation waves that travel along characteristic hyper-

surfaces. For small perturbations decomposed into Fourier harmonics, each wave harmonic travels
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FIG. 3. When the rst shock hits the perturbation it creates three primary waves that carry information
throughout the targe€(", € , and entropy). Th€* wave seeds the ablation front near 0.6 ns, as indicated
by the black circle. The entropy wave travels with the local uid velocity and will eventually be ablated.

The€ wave travels along the leading shock trajectory.

along characteristics de ned adx=dt)+ = U + cs (the C" characteristic)(dx=dt)c = U cs

(the C characteristic), an@dx=dt)e = U (the entropy wave that travels with the local uid ve-
locity), whereU is local uid velocity andcs is local sound speed. References to &hd C
characteristics or trajectories indicate acoustic wave propagation associated with 1-D hydrody-
namic ow (such as rarefaction and compression waves, see Fig. 3). Referer@esatwl €

denote the acoustic waves that carry the modulation due to defects or perturbations. Figure 3
shows the three wave trajectories from a small defect in the ice located &vay from the CH-

DT interface. The€™ characteristic carries perturbation information to the ablation front€the
characteristic immediately catches up to the shock front, and the entropy wave is “frozen” into the
uid and carries the vorticity created by the shock—perturbation interaction.

The rstinstance of a perturbation seed at the ablation front occurs whe®'tiveave, which
originated at the defect location, crosses over the ablation front. The time it takes f&*this
wave to traverse through the ablator and reach the ablation front is dictated by the position of the
material defect, the thickness of the shell, and the velocity and sound speed of the material. Once
the€™ wave moves out into the corona, the slope of its trajectory abruptly changes because of the

larger sound speed and ow velocity in the blow-off plasma region, as shown in Fig. 3.

The entropy wave represents the trajectory of the uid particles at the original position of the

8



perturbation; vorticity created by the shock moving through the perturbation also travels with
the entropy wave. Depending on the position of the material defect, the shock-induced vorticity
can either be ablated (if a defect is close enough to the target's outside edge) or stay and evolve

within the shell for the duration of the implosion. Figure 4 plots a series of entropy waves that

FIG. 4. Entropy wave trajectories. These waves originate from the leading shock and travel with the local
uid velocity. Green lines represent trajectories that start in the plastic layer and blue represents those that
start in the ice. The ablation front (dotted red), CH-DT interface (dotted green), and shock (dotted black)

trajectories are included. The direction of propagation of each wave is indicated by the arrows.

originate from the shock as it propagates through the shell. This illustrates the overall ow of
shock-induced vorticity throughout the material leading up to the acceleration phase. The entropy
waves are color-coded based on the material in which the trajectory begins. The gure shows that
vorticity created by the shock interacting with a defect in the ablator will affect the ablation-front
distortion much earlier in time than those starting in the ice. In addition, vorticity from defects in
the ice will not reach the ablation front until close to (or after) the acceleration phase begins, if at
all.

Information at the ablation front is communicated into the target alongcRaracteristics.
Figure 5 illustrates this with a series of Qrajectories starting at the ablation front at regular
intervals. For example, when the second shock passes through the CH-DT interface, it creates
a rarefaction wave (RW2) that reaches the ablation front. After the head of RW2 breaks out at
the ablation front (and because the ablation-front pressure is supported by the laser foot drive),

this wave is re ected back into the shell along €haracteristics. Close examination of Fig. 5
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reveals that a subset of Ccharacteristics start to converge as they approach the inner surface
of the target, which indicates the formation of a compression wave. The re ected RW2 and rise
in the laser pulse (from foot intensity to full power) create compression waves that propagate

inward to the inner surface. Following the propagation of acoustic waves along characteristics

FIG. 5. C characteristics originating from the ablation front propagate inward to the leading shock. The
circle indicates the formation of a compression wave. The ablation front (dashed red), CH-DT interface
(dashed green), and shock (dashed black) trajectories are included. Arrows indicate the direction of propa-

gation of the waves.

allows us to track and understand how perturbation information moves throughout the shell. Target
dimensions, material defect position, and shock-wave timing are the primary drivers that determine
how and when perturbations create seeds at the ablation front, as shown through the simpli ed
implosion presented in this section. The following sections address wavelength dependency, phase

interaction, and interfacial distortion growth.

[ll. SINGLE-MODE PERTURBATIONS

This section studies ablation-front seeding by applying single-mode, sinusoidal density pertur-
bations to the target material over a range of different degiliselative to the CH-DT interface)
within the plastic ablator and DT ice layerstat 0 ns. The density modulation amplitude is
chosen to ensure that the ablation-front and interface distortion amplithlesaly linear (e.qg.,

kh < 1, wherek is the wave number) for the duration of each simulation. Ablator perturbations
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are located aky 2 [+ 1;+7] nm and ice perturbations are g2 [ 1; 35 nm. The CH-DT
interface is located at= 140nm in this study. Perturbations are applied to the mass-demsjty (
att=0nsas

cos(zkyy) : @

wherer g is the unperturbed densitgy is some fraction (1% to 10%) afy at (oY), andkyy =

rgy)=ro(xy) 1 Ae k(X %)% 1

2p=l xy. The perturbation afy is based on the grid location (see, for example, the ice perturbation
atxo = 135nmm in Fig. 3), although throughout this paper this is reported as a depth relative to
the CH-DT interfacex). The perturbation spatial decay ratexifl x) is xed at 2 mm and the
wavelength iny (I y) is varied. Since  is xed, any references tb refer tol y unless otherwise
speci ed.

The position of the ablation front is tracked using the location of the steepest density gradient
on the outside of the shell. The CH-DT interface is tracked by time integration of the local uid
velocity from the position of the interface et 0. This is the most robust method of tracking the
interface since the code uses a xed Eulerian mesh. The distortion of each interface is decomposed
into Fourier harmonics and the fundamental mode is used to de ne the perturbation amplitude. The
computational domain is a half-wavelengthyimith re ective boundaries iry= 0 andy = | =2,

a zero-gradient boundary atx, and an outlet boundary atx, where material is allowed to freely
exit the domain.

The next section details perturbation evolution and ablation-front distortion seeding for long
and short single-mode wavelengths where the importance of contribution of shock-induced vor-
ticity is highlighted. For long-wavelength modds ( 40 mm), shock vorticity convection at the
ablation front has a small effect, while short wavelengths<(40 mm) experience oscillations

caused by vorticity convection.

A. Long-Wavelength Perturbations

Long-wavelengthl( = 40, 60, and 100m) single-mode perturbations are applied at multiple
depths within the ablator and ice materials. Time history of the absolute value of the ablation-
front distortion for a single-mode = 100+mm perturbation applied at four different depths (two
in plastic, two in DT ice) is shown in Fig. 6. The laser pulse used for these results is shown in
Fig. 1. The acceleration phase is shaded in light gray in Fig. 6 and starts 02 ns. For each

simulation, the seed amplitudig (with dimensions ofrm) is extrapolated from ah(t) = hge?
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t during the acceleration phase of the simulation, whetie the growth rate. The seed for each

case is annotated in the gure as the circle at the beginning of the t.

FIG. 6. Ablation-front distortion history corresponding to perturbations at different locations in the ablator
and DT ice. The acceleration phase is shaded in light gray. The dashed line is the exponerttia he%
and the seed amplitude is extracted from this curve. The initial perturbation deptks=ate5;+1; 5,
and 10 mm relative to the CH-DT interface for the red, blue, green, and purple lines, respectively. The

vertical black line near= 0:3 ns indicates the arrival of the RW head at the ablation front.

The evolution of ablation-front distortion for the cases shown in the gure is determined by the
initial position of the perturbation and characteristics wa®@é,(€ , and entropy) propagation.
These simulations show that the seed amplitude is largest for ablator material perturbations and
reduces as the initial position moves further into the DT ice. As this depth increases (further away
from the outer surface), the onset of distortion growth at the ablation front is delayed. Note the
temporal separation of 200 ps for the two perturbations separated by omtyéh either side of
the CH-DT interfacexo = 1 nm, see Fig. 6). This is due to the relaxation of the shell material's
density and the increase in the ablator thickness as RW1 travels toward the ablation frd®t. The
wave on the interior side of the CH-DT interface must propagate through a thicker shell compared
to the perturbation in the ablator material.

The ablation-front distortion caused by the two ablator perturbations is shown in Fig. 6 in red
and blue curves. The distortion grows early due to the rarefaction wave (RW1) that crosses over
the ablation front between 0.3 and 0.5 ns. The arrival of the head of the rarefaction wave at the
ablation front is indicated in the gure by the vertical black line. Prior to this event, the ablation-
front distortion from the shallowest perturbation (red line) grows brie y (@fewave arrives at

the ablation front at = 0:12 ns), but the growth plateaus until the head of the rarefaction wave
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arrives. This early period of growth € 0:3 to 05 ns) for perturbations starting in the ablator

can be explained by the following series of events, similar to the well-known feedout ptoééss

that is illustrated in Fig. 7. First, the shock front becomes distorted after interacting with the
density modulation in the ablator (creating the distinctive peak and valley of a sinusoidal mode).
Then, the peak of the distorted shock front arrives at the CH-DT interface slightly earlier than the
valley, launching C characteristics (that represent the head of the rarefaction wave) back to the
ablation front {1 in Fig. 7). The head of the rarefaction wave is also out of phase with the ablation
front at this point. Because of their earlier creation time, tfiecBaracteristics originating from

the peak arrive earlier at the ablation front and establish a pressure gradient (and acceleration)
that in uences the local velocity gradient of the ablation front,at Acceleration is delayed at

the valley, thus creating a velocity difference along the ablation front that alters the phase. This
velocity modulation leads to secular growth or linear-in-time amplitude ampli cativf &ecular
feedout growth continues until the second shock is launched into the ablator at 0.5 ns, that is seen

by the abrupt change in growth history in Fig. 6.

The ablation-front distortion caused by ice perturbations evolves less dynamically compared to
the those that originate in the ablator. Since @&ewave (originating from the ice perturbation)
travels behind the tail of RW1, feedout ampli cation does not occur. Distortion growth also starts
much later, as it takes the shock longer to reach the perturbation; the distortion amplitude is fairly
constant once th&* wave arrives at the ablation front. There are minor changes due to the second
rarefaction wave (RW2), but these are much less in uential on the seeding amplitude at the start

of the acceleration phase.

Figure 8 summarizes the scaled seed amplitude extracted from three perturbation wavelengths
(I = 40, 60, and 100m) and differing initial depths. The scaled seed amplitude is de ned as
hs = ho=A; , wherehg is the distortion in microns (extracted from the t) at the ablation front at
the start of the acceleration phase, &pds the initial mass modulation amplitude (as fraction of
1-D value). To keep the perturbations at the ablation front in the linear regime (1) the initial
modulation is 10% fot 40 mm. For short-wavelength perturbations (datalfox 20 nm are
presented in the next section) the initial modulation is decreased. Because normalization is based
on the initial density-modulation amplitude, the seed amplitude is insensitive to this reduction.
For wavelengths greater than 4fn, the seed amplitude has weak wavelength dependence for
ablator perturbations, whereas seed amplitudes from ice perturbations moderately increase with

wavelength. The data show a clear trend that (1) ablator perturbations create the largest seeds and
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FIG. 7. Secular growth at the ablation front is created by the out-of-phase rarefaction wave as it crosses the
ablation front. The head and tail of the rarefaction wave are indicated as red lines moving from left to right.
The ablation front (black line) starts outtatwith the velocity gradient (dashed lines) in phase with itself.

As the rarefaction wave moves across the ablation froit #te velocity gradient morphology goes out of
phase and introduces localized acceleration that increases the amplitude of distagtidtoaits A and B

experience different velocities{ > vg), causing the distortion amplitude to stretch out and increase.

(2) seeds created by ice perturbations decrease in amplitude as the depth increases. This behavior

is expected to also apply to wavelengths larger thanri®0

B. Short-Wavelength Perturbations

The perturbation seeding trend described in the previous subsection does not extend for wave-
lengths less than 20m, however, due to increased levels of shock-induced vorticity convection
that causes the distortion at the ablation front to oscillhis can be seen by comparing ice and
ablator perturbation seed amplitudes over a range of wavelengths framtd 100mm, as shown
in Fig. 9. For the shorter wavelengths, the initial density modulation was decreased to keep the

ablation-front modulations in the linear regim&; = 0:015 forl < 10 mm andA, = 0:05 for
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FIG. 8. Scaled seed amplitudesf as a function of perturbation positior,f for different wavelengthd ().

FIG. 9. Scaled ablation-front seed amplitutie) (versus wavelength for an icg&,(= 10 nm shown with

the blue line) and ablatox{ = + 5 mm, shown with the red line) perturbation.

| = 10to 20mm. For ice perturbations, decreasing the wavelength leads to a decrease in the seed
amplitude, whereas for ablator perturbations, decreasing the waveleogthseshe seed ampli-

tude (with the exception df = 4 nm and 20mm). Seed amplitudes are drastically less for ablator
perturbations of 4m and 20mm due to phase oscillation of the distortion at the ablation front. As

the perturbation wavelength decreases, the oscillation frequency of the ablation front increases —
this increases the chance that the ablation front will be in the middle of a phase change when the

acceleration phase begins. Fig. 9 shows the seed amplitude of the ablation-front distortion at the
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start of the acceleration phase, and both tadand 20rmm perturbation cases are in the middle

of a phase change. This can also be seen in Fig. 10, where all the cases that have the perturbation
start in the ablator vary considerably for this reason. This explains why seed amplitudes have less
obvious depth dependence trends for individual modes and that only an envelope trend must be

considered. Although seed amplitudes from ice perturbations reduce as depth increases, the trend

FIG. 10. Scaled seed amplitudes] as a function of perturbation position,j. The long-wavelength

| = 40 nm result shown by the dashed line is included for reference.

near the CH-DT interface is also affected by the classical RT instability that develops at the in-
terface after the rst shock transit. Here, the pressure decreases from the shock front toward the
ablation front while density increases from the ice to the ablator, creating an RT-unstable hydro-
dynamic con guration at the interface. Classical RT instability growth (which rapidly increases as
wavelength decreases due to the lack of ablative stabilization) contributes to the complexity of the
characteristic wave evolution within the shell, adding varying levels of constructive or destructive
interference as waves reverberate.

Wave interference with the distorted CH-DT interface causes the distortion at the ablation front
to reverse phase and create a local minimum in Fig. 3 at 5 nm. Figure 11 compares the
ablation-front distortion growth for b = 20 nm perturbation in the ice at depthsxf=  3; 5,
and 10 nm to demonstrate how this occurs. Here, exponential growth of the ablation front
from the ice perturbation a, = 5 nmm is delayed by 200 ps (from 1.0 to 1.2 ns) due to phase

oscillation (indicated by the orange line in the gure). The distortion of the CH-DT interface
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FIG. 11. Ablation-front distortion growth fdr = 20 nm with ice perturbations a, = 3; 5, 10 nm.
Destructive wave interference with the distorted CH-DT interface results in reduced growth ampli cation

forx, = 5nmm.

contributes to this, as seen in Fig. 12. The evolution history in Fig. 12 can be explained by the
sequence of events (and labels in the gure) described below. In each case, the distortion evolution
starts when the rst shock crosses over the ice perturbation #&idwave carries the distortion

back to the CH-DT interface and ablation front.

1. The€" wave, from the rst shock interacting with the perturbation, crosses the CH-DT
interface (moving outward) and seeds the perturbation there.

2. The€* wave from (1) reaches the ablation front and initiates perturbation growth.

* Note: The foot shock launches between (1) and (2) (head:52 ns) before the abla-

tion front becomes perturbed, so no distortion shows up in the plot.

3. The second shock passes through the distorted CH-DT interface and reduces its perturbation
growth.

4. The€* wave, from the second shock interacting with the the original ice perturbation mov-
ing with the ow (entropy wave), crosses the CH-DT interface (moving outward).

5. RW2 (RW from the second shock crossing the CH-DT interface) reaches the ablation front.

6. The re ected C wave from (5) (beginning of a compression wave) passes through the CH—
DT interface (moving inward).

7. The re ected C wave from (2) passes through the CH-DT interfagg= 10 mm only)
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FIG. 12. Ablation front (orange) and CH-DT interface (green) distortion growth for20 nm at depths
of(@) 3mm, (b) 5nm, and (c) 10nm relative to the CH-DT interface. Key events (1-9) are labeled

in each plot; refer to the text for a full explanation of each event.

8. The C wave from (7) re ects off the shock front and now passes through the CH-DT
interface (moving outward) as a new @vave. &, = 10 nmm only)
9. The CH-DT interface is ablated.

The deeper the ice perturbation, the longer it takes for@hisvave to seed the CH-DT inter-

face and ablation front. Timing of the second shock is the same in each case, but the perturbation
starting position determines how long these characteristic waves are allowed to evolve and re-
verberate inside the shell. The events (1-9) attempt to capture the main phenomena responsible
for interfacial evolution, but the list is not exhaustive for the sake of simplicity. In essence, the
Xp= 5 nm position represents the in ection point where internal wave dynamics cause the phase
of the ablation-front distortion to change signs. Subtle changes in perturbation depth in this shal-
low region of the ice lead to large changes in evolution due to these mechanisms. For example,
thex, = 10 mm case evolves differently because it takes longer for the second shock to reach

the perturbation than in the other cases shown. By the time waves start reverberating between
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the CH-DT interface and ablation front, the shell in this case is comparatively thinner. The local

minimum in Fig. 10 due to perturbations»at= 5 mm also occurs fok = 5 mm and 10nm.

FIG. 13. CH-DT interface distortion growth for perturbations originating in the ablator material. The

second shock passes through the CH-DT interfacetred:65 ns and brie y reduces growth.

Figure 13 shows the CH-DT interface growth for= 20 nm perturbations that start in the
ablator materialXp =+ 7; + 5; + 3; and+ 1 nm) and directly on the CH-DT interface (g =
0 mm, where the perturbation straddles the interface and is applied to both materials). Each of
these cases see material-interface distortion growth bettivee®20 to Q65 ns after the rst
shock from the RT instability established by the opposite directions of the pressure and density
gradients. However, only the perturbationxgt= + 7 mm sees a positive phase value due to
position and timing of the original perturbation. As described previously, timing o€thand
€ waves also has an impact on the evolution of the distortion, particularly near 0.8 ns, when a
small compression wave (from RW2 re ected at the ablation front) crosses back over the CH-DT
interface. Thisis event (6) in Fig. 12. Furthermore, the brief increase in amplitude starting at 0.7 ns
is only experienced by the cases with perturbationg at+ 3 nm and+ 7 nm (when a C wave
crosses the interface), whereas remaining cases show minimal change from this event. All cases
experience a form of RT growth at the CH-DT interface, but the initial position of the perturbation
dictates how this information is communicated throughout the target. The perturbation growth at
the ablation front and CH-DT interface is the result of complex interplay of characteristic waves
reverberating within the shell and ablation stabilization mechanisms.

As the wavelength decreases, ablative stabilization increasingly limits the amount of ablation-
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FIG. 14. Average acceleration phase RT growth rate versus wavelength at the ablation front. Growth rates

are extrapolated from am= hoe® exponential t.

FIG. 15. Ablation-front distortion for ablator perturbationgat + 7 mm (relative to the CH-DT interface)
with wavelengthd = 1 to 5nm. Ablative stabilization occurs fdr = 1 mm and signi cantly reduces

growth.

front growth. Average RT growth rates during the acceleration phase are shown in Fig. 14 for
| = 10G 60; 40; 20; 10;and 5mm, and ablative stabilization can be seen in the reduction of
growth rates fot < 20nm. For 1< | < 4 mm, the perturbations still grow, but high-frequency
phase oscillation makes growth-rate extrapolation inconsistent. Mass ablation totally stabilizes RT
growth forl < 1 mm. Therefore, these wavelengths are omitted from Fig. 14. Figure 15 shows the

ablation-front distortion history for an ablator layer perturbatiorgat + 7 nm (1 nm from the
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outer surface) for these wavelengths. The phase oscillation rates incrdaskeasases, which

is a consequence of dynamic overpressure and vorticity convection €ff€bts.can be seen in

the rst phase transition between 0.1 and 0.4 ns, where2 nm has the earliest transition. Later

in the implosion, the ablation-front modulation of the= 4 mm case is in the midst of a phase
transition at the start of the acceleration phdse (:02 ns). However, thé = 5 mm case does

not change phase at this point and the start of exponential growth is easily identi able. Note that
perturbation growth above the limtit  0:1l is nonlinear, and wavelengths 2 tonn quickly

pass this threshold during the acceleration phase. For wavelengths ohpthe ablation-front
perturbation changes phase during and after the rise of the main pulse (starting at 0.8 ns), and the
resulting oscillation delays exponential growth. The smallest wavelength, however, is completely
stabilized by ablation throughout the simulation.

FIG. 16. Ablation-front distortion growth fdr = 1 mm at multiple depths relative to the CH-DT interface
[in ablator (+) and in ice (-)]. Ablative stabilization occurs for perturbationg,at 5 nm, but growth

surprisingly still occurs for deeper ice perturbations.

Even though ablative stabilization makes the RT growth rate become negative for wavelengths
shorter than the cutoff, these wavelengths can still experience signi cant growth. This is shown
in Fig. 16 where the evolution of fiam perturbations is plotted for several locations of the initial
density modulation. This mode is completely stabilized by ablation, therefore, there is no RT am-
pli cation and modes that originate in the ablator and icexor 5 nm do not grow. However,

for perturbations deeper than bn in the ice, rapid ampli cation occurs as soon as the entropy
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wave (and shock-induced vorticity) originating at the location of initial perturbation reaches the
ablation front. Although the acceleration phase starts at 1.02 ns, none of the deepest ice pertur-
bations &, = 10, 15 and 20nm) grow until later when the entropy wave meets the ablation
front. The€* wave has already seeded the ablation front prior to the start of the acceleration
phase, although, as expected, ablative stabilization keeps the growth minimal. A phenomenon
similar to this has been observed previously in Ref. 35 where it was alternatively described as the
superposition of the internal convective mode (e.g., entropy wave) and the RT mode at the abla-
tion front, although this result did not pertain to internal defects. The depth of the ice perturbation
acts to shield and isolate the entropy wave from ablative stabilization until the ablation front has
burned through enough material to reach it. By this time, the vorticity seeded by the shock-defect
interaction has evolved due to gradients in hydrodynamic pro les. xjtve  10; and 15 nmm

curves in Fig. 16 near 1.4 ns show hints of turning over, suggesting that ablative stabilization
may eventually overtake and suppress the growth later in time. By this point, however, distortion
growth has occurred over 300 ps and characteristic waves have already propagated perturbation
information throughout the target.

Figures 17 and 18 show density and y-velocity contours of the case where the perturbation
is atxp = 10 nm, before (= 1:03 ns) and aftert(= 1:24 ns) the entropy wave reaches the
ablation front. The entropy wave is visible as the dipole-like feature ilytocity contour, and
the ablation front is at the steepest density gradient at the outermost position of the shell (which
accelerates from right to left). In Fig. 1¥£ 1:03 ns), the perturbation has not yet reached the
ablation front and can be seen near 95.5 nm in the y-velocity contour plot. By = 1:24 ns
(Fig. 18), the entropy wave is at the ablation front (the material between the perturbation and the
original outer surface has been ablated) and the distortion can be seen in the density plot near

X 535 mm.

IV. ALTERING SHELL ADIABAT AND ABLATOR THICKNESS

Target hydrodynamic stability has been shown to improve for designs with thicker shells and
higher fuel adiabat¥*—3’ A higher adiabat at the ablation front enhances the ablation velocity
which reduces laser imprint effects and stabilizes RT growth. Keeping the fuel entropy as low as
possible ensures maximum compressibility and target performance. In this section, we examine

the sensitivity of internal perturbation evolution to ablator thickness and shell adiabat. Modifying
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FIG. 17. The 1am ice perturbation at, = 10 nm att = 1:03 ns, just after the acceleration phase has
started. The entropy wave (near 95.5 nm) has yet to reach the ablation front, located near96.7 nm.

The shell accelerates from right to left.

the strength of the picket shock (which changes the adiabat) and increasing the thickness of the
ablator (from 8 to 10nm) changes the dynamics of RW1, which impacts the level of secular
feedout growth. The shell adiabat of ther® ablator target is increased by modifying the original
pulse (pulse A in Fig. 19) to incorporate a larger picket and earlier foot. This modi ed pulse (pulse

B in Fig. 19) increases the minimum shell adiabat (when the foot shock breaks out into the vapor
region) froma = 1:7 toa = 3:1. The larger picket increases the pressure behind the rst shock (as

it breaks out into the DT ice) from 22 Mbar to 38 Mbar. Pulse A is designed such that the picket
and foot shocks merge at the ice—vapor interface; for pulse B this occurs in the vapor region.
Pulse A is also applied to a thicker, h@n ablator design (with the same ice thickness), which
sets the minimum shell adiabat&o= 1:9. The thicker shell increases the shock transit time and
marginally increases the adiabat, since the shock now merges in the ice layer rather than at the

ice—vapor interface.

Figure 20 summarizes seed amplitude versus perturbation depth for a single-modepts-
turbation. The seed amplitudes show similar behavior regardless of ablator or pulse: ablator per-

turbations deposit larger seeds, ice perturbations decrease as the depth increases, and perturbations
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FIG. 18. The 1am ice perturbation at, = 10 mm att = 1:24 ns. The entropy wave is at the ablation

front (x 53:5 nm) and distortion is visible in the density contour. The shell accelerates from right to left.

FIG. 19. The different laser pulses used for comparison. Pulse A is a low-adiabat design usech@m8-

10-mm thick ablators. Pulse B increases the adiabat for then8ablator.

near the CH-DT interface result in a local minimum. The local minimum near the CH-DT inter-
face is caused by the characteristic wave reverberation and the in uence of the distorted interface.
This local minimum disappears as the perturbation wavelength increases since the effect of the

classical RT growth at the CH-DT interface decreases for increasingly larger wavelengths (cf.
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FIG. 20. Seed amplituddn{) for each pulse and ablator con guration with 4®a single-mode perturba-

tions at different origin depths).

Fig. 8).

FIG. 21. Ablation-front distortion history of e = 40 mm single mode ablatoxg = + 5 mm) perturbation

for laser pulses A and B with shell thicknesses of 8 andrO

Figure 21 plots the ablation-front distortion history due to an ablator perturbaticgp -at
+5 mm. Comparing perturbation evolution in different designs at longer wavelengths (the plot
shows the results fdr = 40 mm) helps to separate the various effects that in uence perturba-

tion growth. It captures behavior like secular feedout growth without phase oscillation (of the
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ablation-front distortion) that introduces additional complexity at shorter wavelengths. In Fig. 21
the distortion of the ablation front for the 8 ablator with pulse B (shown as the blue line)
evolves faster compared to pulse A due to the stronger picket and earlier foot. The secular feedout
growth created by RW1 is shorter and occurs earlier in B versus A (for tiin &blator) due to

the stronger shock. The stronger shock also increases the sound speed comparatively, resulting in
faster acoustic wave propagation. In addition, secular feedout growth is affected by when the sec-
ond shock launches. Betwetn 0:35 and 0.42 ns, the secular feedout growth for B plateaus, as
the tail of RW1 arrives at the ablation front and pressure gradients reduce before the second shock
launches into the shelt € 0:42 ns). For pulse A, there is no plateau because the tail of RW1
breaks out at the ablation front roughly when the second shock launches into the ghelD(88

ns). After the second shock, the distortion established by the secular feedout growth continues to
increase due to RW2 and the hydrodynamic gradients established at the ablation front. Overall,
pulse B compresses the evolution history in time compared to pulse A and slightly increases the
seed amplitude (from 0.233 to 0.2&8n) for the 8nm ablator.

For the 10arm ablator, most of the ablation-front distortion growth occurs after the second
shock wave, which is launchedtat 0:53 ns. There is negligible secular feedout growth because
the thicker ablator delays the arrival of the rarefaction wave at the ablation front. The head of
RW1 reaches the ablation front approximately 110 ps before the second shock, which gives RW1
less time to cross the ablation front compared to timm8ablator cases. Although secular feedout
growth is primarily due to the hydrodynamic gradients at the ablation front (which are steeper
in the 8mm ablator), the length of time the rarefaction wave passes through the ablation front
also contributes (i.e., transit time 8Xryw). When the head of RW1 reaches the ablation front,
the rarefaction wave is 20% thicker (larger separation between head and tail in RW1) in the 10-
mm ablator, which would suggest a larg&tiky, but in actuality, feedout growth is less. In the
8-mm ablator, RW1 has more than twice as much time to travel across the ablation front. Refer to
Table | for the comparison between the pulse and ablator con gurations regarding the shock and
rarefaction timing. After the second shock launches from the ablation front, distortion continues
to increase. RW2 brie y creates opposing pressure and density gradients at the ablation front and

creates further growth but such growth is insigni cant.

Next, Fig. 22 plots the ablation-front distortion history from ice perturbationg at 5 mm
for the same target and pulse con gurations. The different pulse and ablator thicknesses primarily

shift the timing of the distortion history with minimal change in seed amplitude. The thick ablator
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TABLE |. Rarefaction wave timing for each pulse and ablator thickness. The head of the rarefaction wave

arrives at the ablation front &tyy, the second shock is launchedsy, and the RW1 transit time Bgy.

Case trw (nS)tsw (nNS) Dtrw (PS)

A+8mm 0.285 0.530 245
B+8mm 0.235 0.435 200
A+10mm 0.420 0.530 110

shows a slightly reduced seed amplitude (0.0280) compared to the &m ablator (0.0375
nm for A, and 0.0350mm for B) because the perturbation has less time to evolve before the

acceleration phase starts.

FIG. 22. Ablation-front distortion history of b = 40 nm single-mode icex, = 5 nm) perturbation for

laser pulses A and B with shell thicknesses of 8 andi

Figures 23 and 24 plot the ablation-front distortion history due to a short-kcalec mm
perturbation ak, =+ 5 mm andx, =+ 7 nm in the 8t ablator. At this wavelength, phase
oscillations, material-interface distortion, and ablative stabilization all in uence the ablation-front
seed amplitudes. Pulse B increases ablative stabilization due to the higher adiabat; this reduces
the amplitude of the ablation-front distortion oscillations. The start of the acceleration phase is
indicated in each gure by the colored dotstat 0:85 ns and = 1:02 ns for pulses A and
B respectively, and the seed amplitude)(for the x, = + 5 mm case with pulse B is 3 less

compared to A.
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FIG. 23. Ablation-front distortion history from a single-made= 5 mm perturbation ax, =+ 5 nm for the
8-nmm ablator driven by pulses A and B. The start of the acceleration phase is indicated by the dot on each
line att = 0:85 ns and = 1:02 ns for pulses A and B respectively. The ablator with pulse B experiences

higher ablative stabilization due to the increased adiabat.

To summarize the study of higher adiabat and thicker ablator designs, we conclude that density
modulations localized in the ablator lead to larger seed amplitudes compared to modulations in the
ice regardless of thickness or adiabat. For short-wavelength perturbations, increasing the adiabat
(while xing the ablator thickness) reduces both the seed amplitude and magnitude of the ablation-
front distortion oscillations prior to the acceleration phase due to increased ablative stabilization.
However, for long-wavelength perturbations, the stronger picket associated with the increased
adiabat also increases secular feedout growth. Furthermore, by increasing the shell thickness,
secular feedout growth is reduced by limiting the length of time the ablation-front experiences

acceleration while RW1 crosses the ablation front.

V. ISOLATED DEFECTS

While applying single-mode perturbations is useful in understanding fundamentals, a more-
realistic representation of material defects, such as bubbles or voids, is necessary. These defects

are represented in simulations as low-density Gaussian voids,

X on 2
(252) (yzsyzo) : 3)

h(xy) = A exp
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FIG. 24. Ablation-front distortion history from a single-made= 5 mm perturbation ax, =+ 7 nm for the
8-nmm ablator driven by pulses A and B. The start of the acceleration phase is indicated by the dot on each
line att = 0:85 ns and = 1:02 ns for pulses A and B respectively. The ablator with pulse B experiences

higher ablative stabilization due to the increased adiabat.

in the ablator and ice at similar locations to the single-mode cases previously discussed in Sec. lIl.
Here,s is the variance that is related to the full width at half maximum as FV\/EIE—IISI{O 2In2s.

The center of the void is dixp;yo) andA, is the amplitude of the void perturbation, which is a
fraction of the density atxo; yo). The defect FWHM's in simulations range from 1 tavn with

peak density reduction of 1% and 50% relative to the surrounding density. Each simulation uses
symmetry alongy = 0 and a zero gradient boundaryat 60 nm, and the isolated void is located

at they = 0 axis of symmetry. The boundary conditions at are the same as in the single-mode
simulations. Mesh cell spacing mandy is 0.05mm to provide suf cient resolution to capture

the defect and resulting acoustic wave propagation. With this cell spacingnadefect covers a

region of approximately 720 cells.

A. Small-Amplitude Defects

Applying small-amplitude density reduction (1%) provides the opportunity to study the su-
perposition of the many modes that contribute to the collective 2-D dynamics created by iso-

lated voids, whereas large-scale nonlinear distortions from large-amplitude perturbations can mask
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wavelength-dependant behavior. These small-amplitude isolated defects show evolution similar to
the results in Sec. lll, despite the differences between the broadband modal spectrum of a Gaussian

and a single-sinusoidal mode.

FIG. 25. Ablation-front wavelength spectrum and shape for small-amplitude defects at the start of the

acceleration phasé £ 1:02 ns). Defect starting depthsy} are relative to the CH-DT interface.

Figures 25 and 26 show the outcome due to small-amplitude isolated defects at degths of
+5; 5,and 15nmm. Part (a) in these gures plots the amplitude of each mode (via an FFT) of
the ablation front, and (b) shows the shape of the ablation frovgrSusy). Figure 25 shows this
at the start of the acceleration phase (1:02 ns) and Fig. 26 is after the shell has moved inward

90 mm (t = 1:37 ns). The spectrum for a Gaussian with a FWHM ofi2 is included in both

gures for reference.

At the beginning of the acceleration phase, the defects in the ablator layer have had time to
expand their perturbations laterally ( 12mm), as seen in Fig. 25 (b). The ablation front in the
ice defect cases, however, shows minimal discernible distortion even though perturbations deposit
seeds before the acceleration phase starts. In Fig. 26, perturbations from the ablator defect continue

to expand, whereas perturbations from ice defects create localized growth extendingyo only
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FIG. 26. Ablation-front wavelength spectrum and shape for small-amplitude defects at the end of the

simulation ¢ = 1:37 ns). Defect starting depths.} are relative to the CH-DT interface.

3 mm. This difference is due to how the 2-D cylindrical sound waves (hypersurfaces originating
from the defect) intersect with the ablation front, similai€&b in 1-D. These intersections create
modulations, or ripples, at the ablation front that will be ampli ed due to secular feedout growth
from RW1 and RW2. The extent of the lateral expansion depends on both the evolution time
and amount of characteristic wave reverberation between the various interfaces. Perturbations
due to shallow defects (e.g., in the ablator) create more ripples at the ablation front compared to
deep defects because the wavefronts intersect with the ablation front earlier (due to earlier shock
interaction) and have longer time to evolve. Perturbations from the defggt=at 5 nm have
nearly 1 ns to propagate and reverberate before the acceleration phase starts. Although both ice
defects have seeded the ablation before the acceleration phase, growth is minimal due to the lack of
secular feedout ampli cation (as in single-mode simulations). Short-scale modes within the ripples
are affected by ablative stabilization (see Figs. 14 and 15). Mid-scale moded (¥040 nm) due

to perturbations originating near the CH-DT interface (&g 5nm) are susceptible to limited

31



growth from destructive wave interference (Fig. 10). Perturbations from ice defects experience
localized growth from the interaction between the entropy wave (and shock-induced vorticity) and
the ablation front (which overcomes short-scale ablative stabilization—see Fig. 16). In Fig. 26, the
larger amplitude of the localized growth feg=  15nmm (compared to, = 5 nm) is attributed

to the destructive wave interference that was also observed in the mid-scale single-mode results

forxp= 5 nm (Fig. 10).

B. Large-Amplitude Defects

Small-amplitude defects help to inform wavelength dependant evolution without nonlinear
growth, but large-amplitude (50% density reduction) isolated defects represent a more probable
density distribution. This amplitude could be considered a conservative estimate since a helium-3
bubble or void inside the ice, an air-gap between the ablator and ice layers, or a defect inside the
ablator material are all likely to have at least an order of magnitude lower density than the sur-
rounding material. However, even defects with a 50% density perturbation have a considerable

impact on the target material, as seen in Fig. 27.

FIG. 27. Wave evolution for an isolated ablator defegt<+ 5 nm) at 0.5 ns after the rst shock passage.
Evolution in they direction contributes to an extension of the maximum perturbatigrcimmpared to the

initial defect size. The contour colors show density and contour black lines shielocity.

This gure shows the density contour of a target initiated with mri-defect (FWHM) located

in the ablator ak, = + 5 mm. The color corresponds to density and the black lines correspond to
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y velocity contours. The laser drive is applied from the right and the target accelerates from right
to left. The axis of symmetry is at= 0. This shows the target after the rst shock has passed
through the CH-DT interface and into the ice. The shock front is locatedxredr21 mm and

the CH-DT interface is near= 128 mm. The 1-D entropy wave that originates with the void or
defect is labeled in the gure just behind the CH-DT interface [{egy) = ( 131;0) nm]. In the

gure, perturbation information can be seen propagating along various hypersurfaces, or ripples,
after the shock has passed through the defect. When the shock interacts with the defect, the shock
front becomes locally deformed. Since the perturbation wave hasdantdy components, this
deformation spreads laterally along the shock front, leaving a “trail” of vorticity in a cone-like
manner, with its origin at the uid trajectory of the original defect. The extent of this vorticity
cone (labeled in the gure by the dashed white line) is determined by the material sound speed,
shock strength, and defect placement. As the original perturbation cone from the rst shock front
expands into the target, new waves (such as rarefaction waves) carry this updated information back
to the ablation front and because of 2-D nature of the ow, laterally expand the distortion along
the surface of the ablation front.

Lateral sound-wave propagation is shown in Fig. 27 by solid white lines. The layered target
design complicates this wave propagation by introducing discontinuous jumps in the sound speed
along material interfaces. For example, since the sound speed is higher in the ice, the lateral
extension of the wave in ice outpaces the wavefront in the ablator and creates an additional trail
behind it, similar to the one at the rst shock front, and this trail crosses over the wavefront in the
ablator material. This interface modulation will get carried back to the ablation front by subsequent
rarefaction waves (e.g., after the second shock wave).

In single-mode simulations, the rst rarefaction wave (RW1) moves through the ablation front
and does not re ect back into the ablator since the ablation pressure is low (the pulse is off).
Although the same pulse is used, the defect perturbations cause the ablation front to warp signif-
icantly before RW1 arrives (perturbation wavefronts arrive before the rarefaction wave because
the defect is in the ablator). Because of this deformity, portions of the rarefaction wave re ect
back into the target (primarily in the direction), as shown by the curved bow wave labeled in
the gure near the ablation front. However, re ections like this are small because the drive is off;
any re ections occurring after the second shock will be much stronger since the drive pressure is

higher.

The vorticity cone and lateral sound wave propagation (and reverberation) in uence the level
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of ablation distortion (and shell degradation) that is ampli ed during the acceleration phase. This
level of degradation is quanti ed using areal density ) variation, which captures perturbation

extent and amplitude and identi es shell weak spots or punctures. Areal density is de ned as
Z
rL= r dx; 4)
0

wherer is the local density ant is the length of the grid ix. This is calculated along each row
of cells in the simulation domain to obtairr &(y) distribution. The lateral extent (in microns) of
the perturbation is de ned as the region whetedeviates from its 1-D value [or the unperturbed
rLip=rL(y= maX] by more than 1%. This is best seen in Fig. 28. The gray-shaded region
in the gure shows the area agged as having a larger than 1% variation from the [L-ialue.
The lateral extent in this case is approximatelymi, and the areal density variation within this
region is 18% ofr L1.p. The variance of the areal density is calculated inside the region where
jrL(y) rlLipj> 0:01rL;pas

" #i=
a'j\I: 2(rLj rlip)? 7

SI'L: N ) (5)

whereN is the number of samples (i.&\, cells in the y direction), andL; is the value along a

single gridj line. Shell punctures or weak spots are de ned as any regionmithelow 20% of

FIG. 28.r L(y) for a defect located at, = 15 nm (in the ice). The shaded region includes the values of

r L that are greater than 1% different thab;.p. The dashed line represent0%r L1.p.

r L1.p. This is shown by the dashed horizontal line in Fig. 28 with a hole approximately 5 microns

wide (accounting for thg = 0 axis of symmetry).
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FIG. 29. r L variance and maximum lateral perturbation extent due to isolated defects of different sizes
(FWHM) at the beginning of the acceleration phase (.02 ns) with: (a) variation im L as a percentage
of 1-D (or unperturbed), (b) perturbation widthmt), and (c) hole sidenfm).

Figures 29 and 30 summarize the impact of defects with the initial FWHMs of 1, 2, and 4
mm located ak, =+ 5;+1; 1; 5, and 15nmm. The uppermost pane of both gures plots the
variation of areal density within the perturbed shell region. The middle pane shows the maximum
lateral extent or width of the areal density degradation created by the defect and the bottom pane is
the size of the largest hole or weak spot in the shell. Figure 29 shows the areal density degradation

at the start of the acceleration phase (1:02 ns); most cases are less than 5% perturbed (with
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FIG. 30. r L variance and maximum lateral perturbation extent due to isolated defects of different sizes
(FWHM) at end of the simulatiort & 1:37 ns) with: (a) variation im L as a percentage of 1-D (or unper-

turbed), (b) perturbation widtingn), and (c) hole sidengm).

the exception of the outermost defeckat= + 5 mm) even though the impact of the defect is felt

up to 50nmm away. Only the outermost @m-wide defect ak, =+ 5 nm has weakened the shell
enough to create a hole 6 nm wide). The large lateral extent is due to the cone of in uence
expansion mechanism (described earlier) in conjunction with the reverberation inside the shell
that moves the perturbation throughout the target. The outermost defects have the largest cones of

in uence and therefore the largest perturbation extents. Perturbations from ablator defects amplify
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due to feedout and expand the distortion region laterally before the second shock arrives. When
the second shock launches, it encounters a much larger lateral extent of distortion at the ablation
front and repeats the same process as the rst shock.

Figure 30 shows the same defect cases 300 ps later in the simulation. At this point, every
single defect has created signi cant areal density degradation. Nearly all of the defects have now
weakened the shell enough to create holes at least as large as the original defect itself, and in
some cases 5 to 10larger. The extent, or width of perturbation at the ablation front, is roughly
25 mm (over 20 the size of the initial defect), and the areal density deviation has increased
from an average of 2.5% up to 10 to 30% over a region 40 to®Owide. Additionally, these
results repeat two of the interesting ndings from the single-mode and small-amplitude isolated
defect simulations: (1) deep ice defects (exgz 15 mm) experience enhanced growth due to
vorticity convection at the ablation front (cf. Fig. 16), and (2) perturbations Rear 5 nm
undergo destructive wave interference from the CH-DT interface, reducing perturbation growth
(cf. Fig. 11). Enhanced growth for the defectigt=" 15 mm can be seen in Fig. 30 where it
creates larger holes for all but one ice defect case (FWAH&mm atx, = + 1 nm). Destructive
wave interference prevents the creation of holes in the case of the two smallest defgcts at

5 nm, and although this defect depth still creates sizeable perturbation widB8&st¢ 40nm),
the areal density variance is the lowest.

An example of the shell distortion created by an+wide defect initially located ax, =
+1 mm can be seen in Fig. 31. This defect creates amiBwide hole in the shell d@t= 1:37 ns
and expands its perturbations to a regio®0 mm wide with an overall areal density-variation of
up to 30% of 1-D. This is a signi cant source of implosion performance degradation that has the
potential to reduce compression. The formation of the multiple puncture regions (centered around
y= 5andy= 13 nm) in the gure can be explained by following the temporal evolution of the
shell leading up to the start of the acceleration phase.

In Fig. 32, contours of y-velocity (in black lines) are overlaid to show wave propagation within
the shell. In Fig. 32(a) at= 0:51 ns, the rst shock is located at= 120 mm, the CH-DT
interface is neak 127 nm, and the second shock is starting to form at the ablation front near
x= 136nm. The features in the contour lines (cone of in uence, wavefronts in ice and CH) were
described earlier for Fig. 27, albeit for a different defect con guration. In Fig. 32(a), the expanding
wavefront neafx;y) = ( 134 6 nm) will intersect with the incoming shock in about 30-40 ps and

create vorticity and further deformation at the ablation front. In Fig. 32(b>&:65 ns, the effect
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FIG. 31. Density contours of the shell showing degradation effects due tiora Bolated defect at, =
1 nm. A puncture of approximately 18m in size (2 what is shown due to symmetry abgut 0) has

been created because of the defect.

of this intersection can be seen in the diagonal structure in the contour lines in the green, dense
shell region betweey = 7 andy = 12 nm after the second shock has propagated through the
ablator material. The second shock is now co-located with the CH-DT interface (which shows the
classical roll-up structure in the ice between 121 andx= 124 mm alongy = 0 mm due to RT

growth created by the isolated defect). By 0:89 ns, in Fig. 32(c) the distortion at the ablation
front continues to grow and the second shock has created complex perturbation patterns within
the ice due to interactions with the defect and distorted CH-DT interface. This time-series shows
that the position of the weak-spots or puncture regions in Fig. 31 are a function of two primary
mechanisms: (1) the position of the defect — this determines the largest pungterdaand (2)

the lateral position where the second shock intersects with the re ected wavefronts at the ablation
front — these are the secondary features that form away frem0 nm. Further images of

the shell distortion for different defect con gurations can be seen in Appendix A. Note in these
additional images, the ablator defects have secondary puncture spots due to the series of events
just described, whereas the ice defects primarily create puncturesyetofgsince the effects of

reverberation are limited.

These results show that voids in the ablator or ice have the potential to signi cantly degrade
implosion performance. It is important to note, however, that radiation transport has not been

included in these simulations. During the early-time shock propagation phase this approximation

38



FIG. 32. Density contours of the shell showing degradation effects due tiora Bolated defect at, =
1mm at (a)t = 0:51, (b)t = 0:65, and (cX = 0:89 ns. The black lines represent contours of y-velocity and
highlight characteristic wave propagation patterns as the effects of the defect reverberate inside the dense

shell.

is reasonable due to the limited effects of radiation — the corona temperature i3¢leve (1

keV) so x-ray heating effects on the shell are minimal. Late in time during peak power, the
coronal temperature is higher so radiation transport needs to be included to explore its effect on
RT ampli cation. By late time the mass modulations have already been seeded in the shell, and

radiation is expected to add diffusion to the characteristic wave propagation. Radiation ahead of
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shock can also modify the defect evolution. This will be studied in future work.

VI. A STRATEGY TO REDUCE DEFECT DEGRADATION EFFECTS

Due to the potential for signi cant degradation created by isolated defects, strategies for reduc-
ing this effect are highly desirable. Both single-mode and isolated defect simulations show that
ablator material defects create larger instability seeds and more areal density degradation com-
pared to defects in the ice, so target designs should address this issue. Ablator defects are more
dangerous, primarily due to their larger lateral expansion as described earlier. The other major
contribution to perturbation ampli cation arises from perturbation feedout when the pressure gra-
dients due to rarefaction waves cross the ablation front and amplify distortion.

A robust implosion design should seek to eliminate or reduce growth ampli cation from feed-
out. One potential strategy for growth mitigation is reducing the ablator density, thereby eliminat-
ing the rarefaction wave (RW1). To accomplish this, we present a surrogate for a wetted-foam-like
ablator material, where the density is reduced from 1.0 §fdar CH) to 0.3 g/cmi and the shell
thickness is increased to 261 (up from 8mm) to conserve total shell mass compared to the CH
ablator design. The same low-adiabat laser (pulse A in Fig. 19) is used. This particular target de-
sign is simpli ed to show that modifying the density of the ablator can help reduce the instability
seeds at the ablation front by changing basic hydrodynamic wave evolution inside of the shell.

Targets that utilize foam ablator materials have a long histdtye utilization of foam is com-
plex for a variety of reasons including (but not limited to) manufacturing challenges, internal
structures of the foam layer that could be a source of additional perturbation seeding, and mod-
eling uncertainties, all of which are beyond the scope of this paper. Both higher-density CH and
lower-density wetted foam ablators can be used in ICF LDD designs, and by appropriately ad-
justing the laser drive pulses they lead to comparable target performance (areal density and yield).
Detailed 1-D designs are beyond the scope of this paper, but some relevant wetted foam and solid
CH ablation designs can be found in Refs. 38, 39, 40, and 41.

The wetted-foam surrogate material is modeled with a homogeneous average-density rather
than a pore matrix, since experimental results show that shock propagation speeds strongly depend
on average density, and pore sizes had little to no measurable effect. 42 While radiation transport is
not included in the simulations presented in this paper, preheat is thought to melt and homogenize

the foam ahead of the shock front, further justifying the approximation to neglect poré%ffes.
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Preheat may also signi cantly reduce the effect of any defects in the foam beyond the advantage
provided by the reduced density (which will be shown in the following paragraphs). Our surrogate
example does not seek to provide an optimal design with every detail included, but rather a starting
point to demonstrate the effect of a low-density ablator that could form the basis for future work.

In a manner similar to the CH ablator designs, 10% density single-mode perturbations are ap-
plied with a wavelength df = 40 nm at various depths in the target (in both the ice and ablator).
Figure 33 compares the ablation-front distortion history for CH and foam ablators with this pertur-
bation wavelength for a small subset of depths. Since the ablator thickness varies between the two
designs, direct comparison between ablator materials and perturbations locations is nuanced. The
€* wave that carries the rst instance of perturbation to the ablation front arrives later in the foam
ablator than in the CH ablator. Directly comparing the distortion history from a perturbation at
Xp =+ 7 mm in the foam versus the CH ablator reveals that the onset of distortion is delayed nearly
400 ps in the foam. Th€* wave arrival timing is only matched when the perturbation originates
atXp, =+ 14 mm in foam and +1mm in CH. Adjusting the perturbation origin, therefore, gives a

better direct comparison of perturbation evolution than xing the depth of the perturbation.

FIG. 33. Time history of the amplitude of ablation-front distortion due to single-mode perturbations with
| = 40 nm in targets using CH and foam ablators. Perturbation origin deg}h(reported as relative to

the ice—ablator interface-(! in ablator, ! inice).

As expected, this direct comparison highlights the lack of secular feedout growth experienced
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by the foam ablator. The foremost reason for reducing the density of the ablator is to eliminate the
feedout growth caused by the rarefaction wave interacting with the ablation front, a difference that
is clearly seen in the CH and foam ablator between 0.3 and 0.5 ns. In fact, because of the thicker
ablator, this rarefaction wave does not reach the ablation front before the second shock is launched.
This can be seen in Fig. 34, which shows the pressure and density pro les for the two ablator types
[CH is shown in (a) and foam in (b)] with labels for the CH-DT interface and head and tail of the
rarefaction wave. The pro le snapshot for the CH design is shown at the time when RW1 starts
to cross the ablation front. The foam design is shown just before the second shock launches into
the ablator, and the rarefaction head has not reached the ablation front. However, even in the case
when this rarefaction wave breaks out at the ablation front, the perturbation growth in the foam
design is insigni cant because of smaller pressure gradients. In test simulations where the foam
rarefaction wave is allowed to cross the ablation front (no second shock wave), feedout growth
ampli cation never occurs. Additionally, because the foam ablator is less dense and the ablation
velocity is higher compared to the CH ablator, short-wavelength perturbations will bene t from

the enhanced ablative stabilization during the shock propagation phase of the implosion.

FIG. 34. Pressure (black lines) and density (blue lines) pro les of the (a) CH and (b) foam ablators with
the rarefaction wave (RW) near the ablation front. The RW in the foam ablator does not reach the ablation

front or create secular growth before the second shock launchies @b2 ns).
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For perturbations that originate in the ice, there is very little difference between the foam and
CH ablator designs. Figure 33 shows a perturbatiog at 3 and 10 nm for the foam and CH
targets respectively, which are chosen so that the seeding I/ theave is matched due to the
change in ablator thickness and density. These two ice perturbation con gurations show nearly
identical distortion evolution due to the same ice layer dimensions and pulse selection.

In isolated defect simulations, using a low-density foam ablator also helps to reduce areal den-
sity modulation. A thicker ablator is more robust against punctures and increases the time it takes
for the characteristic waves to reverberate inside the shell. By increasing the thickness by a factor
of 3, the foam ablator allows the initial perturbation wave to expand outward (this process is
the same in either ablator) without the in uence of new re ected waves from either the CH-DT
interface or ablation front. Figure 35 compares the areal density degradation in the CH and foam
ablators due to an isolated defec300 ps after the start of the acceleration phase. Because Fig. 30
showed that in general, larger defects increase the level of degradation overall, when comparing
foam and CH, the defect size was xed atin and only the starting depth was changed. In
Fig. 35(a), areal density variation is fairly constant for the foam ablator, whereas the CH ablator
ranges from 5 to 25% depending on the depth. The ablator defects in the foam target have smaller
seed amplitudes due to the reduction in secular feedout growth, indicated by the lower areal density
variation. The perturbation width trend is similar for both ablators since this is largely a function
of defect placement [Fig. 35(b)], and, as shown in Fig. 35(c), there is much less variation in shell
puncture sizes in the foam versus CH. The outermost foam defgctat 13 nm does not create
a hole, whereas all defects in CH ablators create sizeable holes. The defgetrall 3 mm in the
foam has the sam@" timing as thex, =+ 1 mm defect in the CH ablator, so the ablation front is
seeded at the same time in the implosion.

Figure 36 compares density contours for a CH and foam ablator target witlhna defect at
Xp =+ 1 mm. The CH ablator has two primary puncture regions due to the defect and characteristic
wave propagation. This can be explained as such (1) the larger of the two “holesy ne@r
develops as a result of the picket shock and the starting location of the defect—the rst shock
encounters the defect at this lateral position, and (2) the second shock encounters the laterally
expanded distortion at the ablation front and creates the seed for the smaller hole to form near
y= 10 nm. The lateral placement where the shock interacts with the defect determines the
position of the primary seed for growth during the acceleration phase.

In the foam ablator, the perturbation is localized near the position of the original defect along
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FIG. 35. Areal density modulation due tonin defects at various depths in foam and CH ablators with:
(a) variation inr L as a percentage of 1-D (or unperturbed), (b) perturbation width)(and (c) hole side

(nm).

they = 0 axis of symmetry. This defect is more isolated compared to the CH defect due to the

thicker ablator. This exhibits behavior similar to the deep ice defects in the CH ablator designs,

where growth is more localized and isolated by the late shock interaction compared to the ablator
defects. Because of this, distortion only occurs near the position of the entropy wave. The bubble
in the foam and largest bubble in the CH are comparable in size. The perturbation feature at the
ablation front of the foam target negr= 18 mm is a result of the interaction between the second

shock and the characteristic wavefront. Again, because the foam ablator is thicker, the defect
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FIG. 36. Shell density contours of the foam (top) and CH (bottom) ablator designs foma defect at
Xp =+ 1 mm. The foam ablator time is delayed by 30 ps (from 1:350 to 1365 ns) to align with the CH

ablator position.

characteristics can expand for a longer period without reverberation from rarefaction and other
waves. In this case, when the second shock hits the ablation front, it only encounters signi cant
distortion at the point of intersection of the characteristic wavefront and ablation front since the
rarefaction wave does not exit the ablator prior to the second shock’s arrival. Additionally, the
low-density foam has a higher ablation velocity compared to the CH ablator and bene ts from
increased stabilization, thereby reducing the the short-scale growth along the ablation front that
is more readily seen in the CH ablator. Figure 37 compares the foam and CH ablators when the
arrival timing of the€™ wave at the ablation front is matched. This corresponds to a defect location
of X, =+ 13 mm in foam andk, =+ 1 nm in CH, as in the single-mode results shown in Fig. 33.

This shows the foam target with considerably less deformation than the CH target.
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FIG. 37. Shell density contours of the foam (top) and CH (bottom) ablator designs foma defect at
Xp =+ 13 mm andx, = + 1 mm, respectively, to align the'Cseed timing at the ablation front. The foam

ablator time is delayed by 30 ps (frans 1:350 to 1365 ns) to align the with the CH ablator position.

VII. DISCUSSION AND CONCLUSION

The inherent susceptibility of ICF implosions to hydrodynamic instability growth makes un-
derstanding seeding mechanisms a fundamental goal. This work seeks to understand the overall
trends created by internal perturbations from sources such as target imperfections and fuel and
ablator radiation damage.

Perturbations originating in the ablator material have been shown to create signi cantly higher
seeds for instability growth due to a combination of position, timing, and 1-D hydrodynamic wave
evolution. In general, the deeper the defect or perturbation is relative to the outer surface, the
smaller the overall degradation effect becomes, although there are some outlier effects. Long-
wavelength, single-mode simulations show that the rarefaction wave crossing over the ablation
front after the rst unsupported shock wave creates a large increase in the seed amplitude due to
feedout created by hydrodynamic gradients. Short-wavelength simulations show that the interac-
tion with the distorted CH-DT interface and phase oscillation of the ablation-front distortion create

situations where shell thickness and perturbation placement can reduce or delay the onset of expo-
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nential growth. Results from short-scale perturbations buried deep in the ice reveal that vorticity
convection to the ablation front can counteract the effects of ablative stabilization, thereby signi -
cantly enhancing the growth of perturbation wavelengths stabilized by ablation. Trends observed

in single-mode simulations also apply to the evolution of isolated defects.

Isolated defect simulations of both small (1%) and large (50%) density perturbations reveal
complex wave dynamics inside the target due to shock timing, defect placement, characteristic
wave propagation at disparate sound speeds, and reverberation within the shell that expands the
in uence of these perturbations. These results support the ndings from single-mode simulations
that ablator layer perturbations create signi cantly larger seeds for instability growth. Modulations
in areal density show that certain defect sizes and locations create distortions large enough to
weaken, or even puncture, the shell shortly after the acceleration phase begins. Isolated defects
buried deep within the ice also repeat the phenomenon where shock-induced vorticity interaction
with the RT modes at the ablation front can overcome ablative stabilization effects. This surprising
result shows that certain deep ice defects can be more detrimental than those close to the CH-DT
interface. This is particularly interesting because it is well known in the ICF community that short-
scale perturbations are ablatively stabilized (and the same perturbation wavelengths at shallower
depths experienced stabilization). Extending the simulation and evolution time may show that this
period of growth is short-lived (where ablative stabilization starts to overtake the initial injection
of vorticity at the ablation front). Late-time simulations will need to include additional physics

such as radiation transport and convergent geometry.

By understanding the seeding mechanisms present for both single-mode perturbations and iso-
lated defects, we propose a potential mitigation strategy. This strategy seeks to eliminate or reduce
the secular growth (feedout) at the ablation front after the rst shock and limit characteristic wave
reverberation within the shell with a thicker, low-density, wetted foam-like ablator. By conserv-
ing shell mass, a foam-like ablator with the same laser pulse is shown to reduce areal density

degradation at the start of the acceleration phase compared to a CH ablator design.

Future work will examine the same internal defect evolution in 3-D as well as including addi-
tional effects like convergent geometry, radiation transport, and a more-detailed treatment of the
materials (material-speci ¢c equations of state, radiation opacity, multiple materials, etc.). Addi-
tional work will seek to optimize shell thickness and continue to study alternative foam-like ablator

designs.
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Appendix A: Isolated defect results

This appendix presents additional data (Figs. 38-42) from the isolated defect simulations de-
tailed in Sec. V. Each set of gures compares different defect sizes (FV¢¥HIVR, and 4mm) at
identical timest= 1:37 ns) for a given initial defect location. In each gure, the shell is acceler-

ating from right to lefty = 0 is the axis of symmetry, and color represents density.
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FIG. 38. Mass density contours for isolated defects located in the ablatan &way from the CH-DT
interface. The time is 1.37 ns, after the ablation front has traveleasr®0nward (right-to-left) from the

start of the acceleration phase. The initial defect FWHM sizes arerta),ib) 2nmm, and (c) 4mm.

FIG. 39. Mass density contours for isolated defects located in the ablaton away from the CH-DT
interface. The time is 1.37 ns, after the ablation front has traveledr®@nward (right-to-left) from the

start of the acceleration phase. The initial defect FWHM sizes arerta),ib) 2mm, and (c) 4mm.
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