Sability Analysis of Directly Driven NIF Capsules

Introduction

In inertial confinement fusion (ICF), a spherical shell filled
with a DT-gas mixture is compressed to high densities and
temperaturesto achieveignition conditions.! Degradationfrom
spherical symmetry during theimplosion, however, limitsthe
achievablecompressionratiosand could quenchtheignition of
the target. The main source of such asymmetry is hydrody-
namic instabilities [such as Rayleigh-Taylor (RT)2 and Bell—
Plesset (BP)3 instabilities] seeded by both irradiation non-
uniformities and target-fabrication imperfections. We have
developed an analytical model to study stability of the direct-
drive cryogenic NIF targets. The drive pulse for such targets
consists of two distinct temporal regions (stages): the low-
intensity (afew 1013 W/cm?) “foot” and the main drive (up to
morethan 1015W/cm?). During thefirst stage, thelaser energy
isabsorbed by the outermost layer of thetarget, heating up the
shell material and launching a heat wave toward the pellet
center. Material behind the heat front expands outwardly,
creating an ablation pressure that inducesthefirst shock wave
propagating through the shell. Since the laser intensity in the
first stage is constant in time and the equilibrium pressure
behind the shock is uniform, the ablation front travels at
constant velocity. In the absence of accel eration, the perturba-
tions at the ablation front could grow due to the velocity and
accel eration perturbationsimposed by thel aser-intensity modu-
lations (“laser imprint”) and surface roughness [Richtmyer—
Meshkov (RM)# instability]. When the first shock breakout
occurs at the rear surface of the DT ice, the pulse ramps up to
the drive region (second or accel eration stage), launching the
second shock. At thistime, the ablation front startsto acceler-
ate, creating conditionsfor the RT instability that magnify the
perturbations seeded during the first stage. If the perturbation
amplitude becomes too large during the shell acceleration,
the shell breaks up and fails to reach ignition conditions. The
shell integrity can be quantified by the “integrity factor”
defined as Y = A, /AR, where A =+/20 isthe mix ampli-
tude (bubble amplitude), AR is the shell thickness, and o is
the rms sum of the modes. The shell remainsintact during the
implosionif theintegrity factorislessthan unity for all time. At
the end of the laser pulse, the shell startsto coast inward with
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a constant velocity until the pressure of the DT-gas mixture
becomes high enough to slow down the shell compression
(beginning of the decel eration phase). During the deceleration
phasetheinner DT-icesurfaceis RT unstable. The growth due
to this instability limits the compression ratios and increases
the thermal conduction losses, reducing the total energy gain.
Results from 2-D ORCHID® simulations show that the gain
reduction depends on the mode spectrum at the end of the
acceleration stage. In this article we estimate the integrity
factor during the accel eration phase and cal cul ate the spectral
distribution of the modes by using the results of the devel oped
model and 2-D ORCHID simulations.

Seeding of RT Instability: Laser Imprint, Ablative RM
Instability, and “ Feedout”

As mentioned earlier, at the beginning of implosion, the
ablation pressure launches a shock wave toward the target
center. The surface roughness (due to the target fabrication
imperfections) and also modulations in the laser intensity
deform the shock front and generate perturbed velocity and
acceleration fields inside the compressed region. During the
shock transit time, the ablation front travels with a constant
velocity, and thefront perturbationscould grow duetoimposed
velocity and acceleration perturbations.

1. Laser Imprint

Nonuniformitiesin the laser intensity cause different parts
of thebeamto ablateshell material at different rates, generating
anablation-pressuremodul ation along theablationfront. Since
the shock speed scales as a square root of the shock strength,
stronger shocks launched at the peak of ablation pressure
propagate faster than shockslaunched at the pressure valleys.
Thedifferencein the shock speeds distortsthe shock front and
createsaperturbedvel ocity fieldinsidethecompressedregion.
A velocity perturbation at the ablation front, in turn, leadsto a
linear-in-time front distortion growth n ~ t. Then, a rippled
shock generates a lateral mass flow that leads to a pressure
deficiency intheconvex part (which protrudesthemostintothe
uncompressed shell) and a pressure excessin the concave part
of the shock front. This creates a pressure gradient that accel-
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eratesfluid elements, leading to an additional growth 7 ~t2.1n
| CF, however, several physical processes significantly reduce
the imprint growth. First, asthe heat front propagates into the
cold portion of the target, material heats up and expands
outwardly, creating a hot plasma corona. Thus, a finite zone
(conduction zone) of hot plasma exists between the energy
absorption region and the ablation front. Any pressure pertur-
bationsinside such azone are reduced by the thermal conduc-
tion. The simplest theory® (“cloudy day effect”) predicts that
the pressure perturbations decay exponentially away from the
critical surface p ~ e, thus, nonuniformitiesin the ablation
pressurearereduced by afactor of ePc, where D.isadistance
between the absorption region and the ablation front, and k is
the wave number corresponding to a specific mode of non-
uniformity. An additional reduction in the imprint growth is
due to the mass ablation. The main stabilizing mechanism
produced by ablation is the dynamic overpressure or “rocket
effect.” "8 As a result, the imprint amplitude 7;p, Which is
defined asthe amplitude of the ablation-front ripple cal cul ated
at the shock breakout time, takes the following form:®
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where dl|istheintensity modulation, | jistheaverageintensity,

F7 =C§ / (VaVbI +ch)=
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Aistheshell’sin-flight aspect ratio, V, and Vy, arethe ablation
and blow-off velocities, respectively, V. isthe velocity of the
critical surface with respect to the ablation front, and cgisthe
sound speed of the compressed material. Theterm /™ isdue
to the vorticity convection from the shock front.

Using the analytical model of the RT instability (described
later in the Acceleration Phase section), it isfound that laser
imprint alone can break up the shell during target acceleration
and this can quench ignition; thus, an additional reduction in

imprint amplitude is critical for a successful implosion. A
significantimprovementinthebeamuniformity hasbeenmade
inrecent yearshy introducing smoothing by spectral dispersion
(SSD)0 and induced spatial incoherence (1S1)1! smoothing
techniques. To account for theintensity variationin arealistic
laser pulse, SSD is modeled using the 2-D hydrocode OR-
CHID, wheretheintensity nonuniformities have been reduced
by thefactor . /t. /(t. +4t) Thisgivesonaverageareductionin
rms of |aser nonuniformity o= t; /ta,q 0, Where the coher-
encetimeistaken to be

to =[Avsin(ks/2)

Av is the bandwidth, t,,q is the averaging time, and dis the
speckle size. The result of 2-D ORCHID simulations (mode
spectrum dueto imprint (thin solid line) at the beginning of the
acceleration phase) of the “all-DT” NIF target designl? is
plotted in Fig. 81.1. Thisresult will be used later as an initial
condition for the RT model.
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Figure 81.1
Mode spectrum at the beginning of the acceleration phase.

2. Outer-Surface Roughness

Whentheouter surfaceof thetargetisdistorted, theablation
pressurelaunchesarippl e shock at thebeginning of implosion.
The ripple shock, as discussed in the previous subsection,
generates a lateral flow that leads to a perturbed pressure
gradient and theperturbation growth. Thetheory describingthe
perturbation evolution at the corrugated ablation front driven
by uniform laser irradiation has been described in Ref. 7. The
theory showsthat in the presence of ablation, the front pertur-
bations oscillate in time with a damped amplitude. The main
stabilizing mechanisms are the rocket effect and the vorticity
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convectionfromtheablationfront. Cal cul ations’ show that the
perturbation amplitude at the beginning of the acceleration
phase normalized to theinitial amplitude ng(l) can be written
as
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wherethevorticity term n,,(t) isdefinedinRef. 7. Using Eq. (2)
and taking the initial spectrum ng(l) from Ref. 12 (assuming
surface finish of 840 A), the mode spectrum due to a finite
outer-surface finishis plotted in Fig. 81.1 (dashed line).

3. Inner-Surface Roughness (Feedout)

An additional seed of the RT instability is due to the rear-
surface roughness that feeds out by the rarefaction wave
generated at the first shock breakout time.13 The shock front
first reaches the perturbation valleys, generating ararefaction
wavethat startsto propagate toward the ablation front with the
sound speed. By the time the shock reaches the perturbation
peaks, the rarefaction wave originated at the perturbation
valley has moved a finite distance, distorting the rarefaction
wavefront. Thepeaksand valleysof therarefactionwavetravel
at the sound speed, keeping the ripple amplitude constant. As
the rarefaction wave breaks out of the shell, the ablation front
starts to accelerate. Since the rarefaction front is distorted,
however, thereisadelay inaccel erating theablation front at the
peaks and valleys. Because of such a delay, a finite velocity
perturbationimprintsat theablationfront, generatingaseedfor
the RT instability. An additional seed (perturbation accelera-
tionfield) iscreated by the massdifference under the perturba-
tionvalleysand peaks. A ccordingto cal cul ations, 13 thefeedout
amplitude, nf-°, takes the following form:
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where\ istheinitial rear-surface spectrum. Figure81.1 shows
mode spectrum dueto feedout at the beginning of acceleration
phase (thick solid line), assuming A ~ 172 (Ref. 14) and initial
total rms of the rear-surface modes o, = 3 um.
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Acceleration Phase

During the shell acceleration, the pressure and density
gradients at the ablation front have opposite directions, creat-
ingaconditionfor theRT instability. Inaddition, because of the
spherical convergence, the inner surface is subject to the BP
instability. The RT and BP instabilities amplify the perturba-
tions seeded during the first stage of the implosion.

Since the implosion of spherical shellsisintrinsicaly un-
steady (shell density, ablationvel ocity, and accel eration change
in time), steady-equilibrium models cannot be used to study
perturbation evolution, and a model for unsteady equilibria
must be developed. Thefull system of conservation equations,
however, istoo difficult to be solved analytically. One of the
simplificationsthat makethe problem analytically tractableis
anidealization of theabl ationfront asasurfaceof discontinuity
[“sharp-boundary model” (SBM)]. The accuracy of such a
model is compromised only when the mode wavelength is
shorter than the abl ation-front thickness L. For ablators with
small Froude numbers, such as CH or Be[the Froude number
is defined as V2 /(gLo), where g is acceleration], Lo = 0.1 to
1 um; hence, for modes with the largest growth factors (the
most damaging modes: 80 < | < 300), the conditionkLy<1is
satisfied during the accel eration stage (assuming the minimum
shell radius is 500 pm). The density-gradient stabilization,
neverthel ess, canbeincludedinsimplified fashion by reducing
theabl ation-front accel eration by afactor (1 +1L,/R)~1, where
Ly, isthe minimum density-gradient scale length and Ris the
shell radius. For ablation fronts with large Froude numbers,
such as cryogenic DT, the unstable spectrum consists of only
long-wavelength modes; thus, the SBM isvalidinthiscasefor
all unstable modes. The model yields coupled differential
equations describing the evolution of the outer and inner
surfaces. The coefficients of these equations are functions of
the ablation and theinner DT-iceinterfacetrajectoriesand the
ablation velocity that can be calculated using 1-D numerical
simulations. Toaccount for thenonlinear saturation, 3-D Haan's
model1® is applied after the mode amplitude reaches the
saturation level (1) = 2R/12. Theaccuracy of the developed RT
model has been tested against 2-D ORCHID and FCl216
simulations. For the most damaging modes, the prediction of
the model isin good agreement with the numerical results.

The model shows that the shell remains intact during the
implosion (the integrity factor is less than unity) if the laser
nonuniformities are smoothed by 2-D SSD with the laser
bandwidth larger than 0.3 THz, the outer-surface finish not
exceeding 0.1 ym, and the inner-surface finish g, < 8 um
(assuming 4 ~ 172). As shown in the next section, however,
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the restriction on the minimum target gain imposes more
stringent requirements for the irradiation uniformity and the
surfacefinish.

Target Gain

Astheshell acceleratesinward, abl ation-front perturbations
grow due to the RT instability and feed through the shell
approximately as 1; (1) = ng(1)(n /ra)I , where n;(1) and nq(l)
arethel-componentsof theinner- and abl ation-surfaceampli-
tudes, respectively, and r; and r 5 are the inner- and ablation-
surface radii. During the coasting and decel eration stages, the
“feedthrough” grows, reducing the target compression ratio
and limiting the ignition gain. To study the gain-reduction
dependence on the mode spectrum, a series of 2-D ORCHID
multimode simulations have been performed for an a = 3
cryogenic NIF target designl? with the distorted inner DT-ice
interface. The initial power spectrum is taken in the form
o) =00/I A (Ref. 14), where gg and 3 are the normalization
constants. Since the spectrum of the inner-surface perturba-
tions at the end of acceleration phase is heavily weighted
toward the low mode numbers, the simulations have been
performed for modes 2 < | < 50 with the range of 8 and total
rms0to 1.5 and 0.5to 12 um, respectively. Thetarget gainis
found to be afunction of
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where g2, and 02, are rms nonuniformity of the modes
below and higher than! =10. g iscal culated by usingtheinner-
surface spectrum at the end of the acceleration phase. The
simulation results are summarized in Fig. 81.2, where target
gain is plotted versus @ . Next, to take into account the laser
imprint and surface roughness, the model described in the
Acceleration Phase section is applied to the a = 3 cryogenic
NIF target design using the initial conditions derived in the
Seeding of RT Instability section. Then, using both the de-
rived mode spectrum and theresult of Fig. 81.2, thetarget gain
isplottedinFig. 81.3asafunction of rear-DT-ice-surfacefinish
and thelaser bandwidth, assumingtheinitial outer-surfacerms
of 840 A. Figure81.3 showsthat theyield reductionislessthan
50% with respect to 1-D cal culationsif theinner-surfacefinish
does not exceed 1.5 um and the laser nonuniformities are
smoothed by 1-THz, 2-D SSD.

Summary

An analytical model has been presented to study perturba-
tion evolution at the ablation and inner surfaces of theimplod-
ing shell. The model describes the ablative Rayleigh-Taylor

and Bell-Plesset instabilities. The initial conditions for the
model are determined by using existing theories of laser im-
print, ablative Richtmyer—Meshkov instability, and feedout,
and by performing a series of 2-D ORCHID simulations. The
model and simulations showed that the direct-drive cryogenic
a =3 NIF capsulesremain intact during theimplosion and the
target gainisexpectedtobelarger than 10if laser nonuniformities
are smoothed by 2-D SSD with the bandwidth Av > 0.5 THz
and inner-surface rms <1.5 um.
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Figure 81.2
Plot of target gain G versus o .
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Plot of target gain versus initial rear-surface finish and laser bandwidth.
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