Modeling Laser Imprint for Inertial Confinement Fusion Tar gets

In inertial confinement fusion (ICF), a spherical shell filled
with a DT-gas mixture is compressed to high densities and
temperaturesto achieveignition condition.! Degradation from
spherical symmetry during theimplosion, however, limitsthe
achievable compression ratios and could quench theignition.
The main source of such asymmetry is hydrodynamic insta-
bilities (such as the Rayleigh-Taylor and Bell-Plesset insta-
bilities) seeded by both irradiation nonuniformities and
impuritiesin the target materials. In this article we describe a
process that generates mass perturbations on an initially uni-
form target driven by a modulated laser illumination. Such a
processisreferred to asa*laser imprint.” The control of laser
imprint is of crucial importance for the successful implosion
of direct-drive ICF targets. To evaluate the imprint growth,
the following two physical problems must be considered:
(1) generation of nonuniformities in ablation pressure due to
spatial modulationsin alaser intensity, and (2) mass perturba-
tion growth on a target driven by nonuniform ablation pres-
sure. A detailed analysis of the first problem can be found in
Refs. 2. The second problem, however, has not been ad-
equately treated inthepast. InRef. 3, for exampl e, perturbation
growth was derived by using the Chapman—Jouguet deflagra-
tion model. As discussed in Refs. 4, such a model neglects
thermal smoothing of perturbationsin the conduction zone (a
region between the critical surface and ablation front), and in
addition, it does not reproduce the main restoring force, which
isdueto adifferencein the dynamic pressure at the peaks and
valleysof thefront distortion.>6 Animproved model hasbeen
proposed in Ref. 4, where thermal smoothing of the pressure
perturbations has been included. At the ablation front, how-
ever, theauthorsused the“Landau—Darrieus’ boundary con-
dition that, similar to the result of Ref. 3, neglects the main
stabilizing force due to the dynamic overpressure.

Themain goal of thisarticleisto giveatheoretical descrip-
tion of the hydrodynamic coupling between the pressure per-
turbation and the ablation-front modulation. The developed
theory is relevant to the stability of high-isentrope (a = 2,
where a is the ratio of the pressure at a given density to the
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Fermi pressure) | CFtargetsdirectly driven by alaser pulsethat
consists of alow-intensity (afew 1013 W/cm?) foot followed
by the main drive pulse. During the foot pulse, the ablation
pressure created by the mass ablation generates a shock wave
that propagates through the shell. Since the laser intensity is
constant during the shock transit time, the pressure behind the
shock is uniform and the ablation front travels at a constant
velocity. Later, asintensity increases during themain pulse (in
direct-drivecryogenictarget designsthebeginning of themain
pulseistimed tothefirst shock breakout of theshell?), the shel
starts to accelerate and front perturbations n begin to grow
becauseof Rayleigh-Taylor (RT) instability 1 ~nge’rtt, where
Yt isthe RT instability growth rate. If the perturbation ampli-
tude becomes too large during the implosion, the shell breaks
up, and the ignition condition cannot be reached. To quantify
the shell integrity, we introduce an “integrity factor”
Y = Anix /AR, whichisdefined asaratio of themix amplitude
(bubble amplitude) Ay to the shell thickness AR. The bubble
amplitudeis taken to bel Apix =20, where

2= 3, mlmm) /(470)

isthermssumof themodes, 1y m = IdQ\ﬁfm(Q) R(Q,t), RQ,1)
istheradiusat solidangleQ andtimet, and Yﬁm isthecomplex
conjugate of the I,m spherical harmonic. The shell remains
intact during the implosion if the integrity factor is less than
unity (Y < 1 for all time). Simulations performed for direct-
drive cryogenic OMEGA and NIF target designs show that to
satisfy the condition Y < 1 during the implosion, the integrity
factor Y at the shock breakout time t,, must be less than
YY" =0.01. In this article we present a model to estimate
Y(')mp due to the laser imprint. Such amodel sheds some light
on physical mechanisms driving the laser-imprint growth. To
proceedwithour analysis, first wenotethat duringtheprepul se,
the shell’s outer radius R is much larger than the target thick-
ness AR, and convergence effects can be neglected. All pertur-
bations are then decomposed in the Fourier space
n=3kMeE", where
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(21 +1)
8m '

M =M,m

k = I/R is the wave number, and | is mode number. Since the
perturbation amplitude in the linear regime is proportional to
the laser nonuniformity, weintroduce anormalized amplitude
Ma = nk/(5I k/1 0), where dlisthe Fourier component of the
intensity modulation and | isthe average intensity. Then, the
integrity factor takes the following form:

Y2=3, Y2 = Zk|’7k,d (o1 k/'o)/AR|2-

Nonuniformity in the laser illumination dl/lg can be ob-
tained from the spectrum of the laser speckle on target pro-
duced by thedistributed phaseplates(DPP's). Thus, to estimate
the integrity factor, we must calculate an imprint amplitude
Mimp =Nk a /AR at the shock breakout time (beginning of the
mainpulse) t =ty = ARy /Ug, whereARisthe uncompressed
shell thickness and Uy is the shock speed. For strong shocks
[when the ratio of the ablation pressure p, and the initial
pressure of the undriven shell py islarge (I'I = pa/Po >>1)]
and the ratio of specific heat y=5/3, the shock breakout time
is ty= 2AR/cg, where c4issound speed of compressed mate-
rial and AR=AR,/4.

Thelaser imprint growth is determined by several physical
effects. First, as the laser energy is absorbed by the outmost
layer of the shell at the beginning of implosion, the shell
material heats up, launching a heat wave toward the pellet
center. Material behind the heat front expands outward, creat-
ing an abl ation pressurep, that inducesashock wave propagat-
ing through the shell. Nonuniformities in the intensity across
the laser beam cause different parts of the beam to ablate shell
material at different rates, generating an ablation-pressure
modulation P, along theablation front. Since the shock speed
Ugscalesasasquareroot of theshock strength M (Ug ~ N for
M >> 1), stronger shocks launched at the peaks of ablation
pressure propagate faster than the shocks launched at the
pressure valleys. A difference in the shock speed distorts the
shock front and creates a perturbed velocity field inside the
compressed region. A velocity perturbation at the ablation
front, in turn, leads to alinear-in-time front distortion growth
n ~Vyt, where ¥, ~ PaUs/(2p,), andthexaxispointsinthe
direction of laser propagation. Note that such a growth is
wavelength independent. Then, in order to conserve the tan-
gential component of the fluid velocity, arippled shock front
generatesalateral massflow fromthe convex part of the shock
front (which protrudes the most into the cold region) into the
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concave part (Fig. 80.1). A changein density, according to the
adiabatic condition 8; p = c20; , leadsto apressuredeficiency
in the convex part and a pressure excess in the concave part.
Sincethe pressure perturbation at the ablation front isfixed by
the laser-beam nonuniformities, the lateral flow creates a
negative pressure gradient toward the convex part of the shock
front and a positive one toward the concave part. The pressure
gradient accelerates fluid elements pd?n = pa ~ 0, Py, lead-
ing to an additional perturbation growth 1 ~09,p,/(20)t2,

where p is the compressed density and 1 is the ablation front
amplitude. After the shock front has moved a distance of the
order of perturbation wavelength from the ablation front, the
latter reaches a steady state (assuming that the ablation pres-
sure modulation is constant in time), and the pressure pertur-
bation in the vicinity of the ablation front obeys Laplace's
equation d2p—k2p = 0. Keeping only adecaying solution of
that equation, P~ P,e ¥, leadsto afinite pressure gradient,
a perturbed acceleration of the ablation front,
a~0yPa/p=kp,/p, and aquadratic-in-time asymptotic per-
turbation growth 1(kegt >>1) ~ (Pa/0)kt? /2.
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Figure 80.1

Lateral mass flow generated by the rippled shock creates a pressure excess
behind the concave part of the shock front and a pressure deficiency behind
the convex part.

A rigorous derivation of the perturbation evolution in the
“classical” case (constant-in-time ablation-pressure modula-
tion and no mass ablation) is performed by solving the mass,
momentum, and energy conservation equations. Suchaderiva-
tion (to be discussed in detail in aforthcoming paper®) yields
aresult similar to the one obtained above by using a simple
physical argument. For strong shocks 1 >> 1 and y= 5/3, the
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solutionis
n(t) = &(0.7 ct +0.3 ket?). 1)
Pa
Note that Eqg. (1) can be reproduced by solving a simple

second-order differential equation

dPn=5a=k-L2c2 2)

a

with theinitial conditions (0) =0and 1'(0) = 0.7(Pa/Pa) Cs.

Tocalculatetheimprint amplitude 17; y,, weassume? p, ~ 173
and Ay /1g =(3/2)Pa/pPa. hence
Mip=0-8KAR+ 0.9=0.8|—A +0.9, (3)

where A = RIAR is the shell’s in-flight aspect ratio (IFAR).
Equation (3) shows that the imprint amplitude of long-wave-
length modes (KAR << 1 or | < 15 for directly driven NIF
targets) is wavelength independent; at short wavelengths,
however, the imprint amplitude is proportiona to the mode
number | and inversely proportional to the IFAR. In addition,
theimprint amplitude in the classical case does not depend on
the laser intensity. Next, we calcul ate the integrity factor for a
direct-drive a = 3NIF target design’ using Nimp inthe form of
Eq. (3). The amplitudes 41/l can be estimated by using the
results of Ref. 9. The calculation yields Y™ = 0.2, which is
afactor of 20 larger than the stability threshold Y{"®. The RT
instability seeded by such a perturbation would disrupt the
shell during the acceleration phase of implosion and quench
the ignition. In direct-drive ICF, however, several physical pro-
cessessignificantly reducetheimprint growth. Next, weconsider
the main stabilizing mechanismsinherent to laser-driven targets:
thermal conduction smoothing and mass ablation.

Thermal Conduction Smoothing

As the heat front (ablation front) propagates into the cold
portion of the target, material heats up and expands outward
creating a hot plasma corona. The laser light is absorbed in a
region (absorption region) where the density of blown-off
material is much lower than the compressed shell density.
Thus, a finite zone (conduction zone) of hot plasma exists
between where the laser energy is deposited and the ablation
front. Because of thehightemperatures, any pressureperturba-
tions inside such a region are smoothed out by the thermal
conduction. The simplest theory1? predicts that pressure per-
turbations decay exponentially away from the critical surface
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(“cloudy-day effect”) p~ ek thus, nonuniformities in the
ablation pressure are reduced by afactor e Cc where D.isa
distance between the absorption region and the abl ation front.
M ore-sophisticated models of thermal smoothing? yield simi-
lar behavior of the reduction coefficient. To simplify the
anaysis, the distance D, is taken to be D. =Vt; thisleadsto
an exponential decay in the ablation pressure perturbation

Pa= Pa(0)e™KVel After t = (kVC)_l, laser nonuniformitieswith
thewave number k decouplefromtheablationfront, nullifying
the k-Fourier component of the perturbed acceleration a. The
ripple of the ablation front, however, continuesto grow dueto
afinite velocity perturbation

n[t > (kvc)‘l] ~ Uyt

Scaling laws of the perturbation growth can be derived by
solving Eq. (2) and substituting P, = Pa(0)e™% into its
right-hand side:

p,(0 -
dZn, = k—p;’éa)csze Kt (4)

The imprint amplitude in this case takes the following form:

o 04AOC L, o
Timp =~ B\/_CE (e 1)+0.9+O.8VC, (5)

whereA;=2(l/A)V /cg. Equation (5) showsthat for modeswith
A.> 1 (1> 10for direct-drive NIF targets) thermal smoothing
reduces the imprint amplitude by afactor nitrt;]p/nicri']p ~ Al

Mass Ablation

An additional reduction in the imprint growth is dueto the
mass ablation. The main stabilizing mechanism produced by
ablation isthe dynamic overpressure or “rocket effect” 56 that
can be described as follows: Laser-beam nonuniformities
create abl ation-pressure modulations along the target surface.
Such modulations (seediscussion earlier inthetext) distort the
ablation front: front peaksprotrudeinto the hot plasmacorona,
and the valleys movetoward the cold target material. Analysis
of Ref. 5 shows that because of high thermal conductivity in
the blowoff region, temperature is uniform along the heat
(ablation) front. Thus the ablation front’s distortion growth
dlightly increases the temperature gradient at the front peaks
and decreasesit at thefront valleys. Anincreaseinthetempera-
turegradient leadsto an additional heat flow that speedsup the
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heat front and increases the vel ocity of the blown-off material
Vyy1- Higher blowoff (“exhaust™) velocity creates an excessin
thedynamic pressure (“rocket effect” increases). At the pertur-
bation valleys, the picture is reversed: a reduction in the
temperature gradient decreases the ablation and blowoff ve-
locities, thus the dynamic pressure and the rocket effect are
also reduced. We can conclude that the modulation in the
dynamic pressure created by the thermal conduction reduces
the perturbation growth and ultimately stabilizes the growth
completely. Calculations® show that the amplitude of the
dynamic pressure is proportional to the front distortion
Py =MV, kn. Hence, perturbations reach a saturation value
Nsat When the dynami c-pressure modul ation bal ancesthe abl a-
tion-pressure modulation P, ~ MV ke, where m=pV is
themassablation rate. Next, to perform aquantitative stability
analysis, we solve the system of conservation equations as-
sumingasharpinterface at the ablation front and aconstant-in-
time ablation-pressure modulation P,.8 Skipping lengthy
calculations, we report a final formula for the asymptotic
behavior (kcgt >> 1) of the front-surface perturbations in the
case of strong shocks M >>1 and y=5/3:

NN

n(t) ke,

m F (1— D COS(AJt)

cs U 2c U .
—=.2-—=Dshut t), 6
Fo T el ©

where D =e 2KVt V, and Vy, are the ablation and blowoff
velocities, respectively, and w = kyVaW, . Thelastterm n,, is
due to the vorticity convection from the shock toward the
ablation front:

2Cs [lkvpt (® ot 0
== e 'Q(2r)dr —1.2 Dcoswt
NN % " f Q) B

where

Q=i(Cx V)z/(kcsf)a/ypa) = 3Jp(1) —234(7)

is the normalized vorticity and J,(7) is the Bessel function.
Equation (6) showsthat thefront perturbation growsaccording
to Eq. (1) until the distortion amplitude becomes big enough
and the dynamic overpressure balances the ablation-pressure
perturbation. After that time, the ablation front oscillates
around an average amplitude <> = ng. In addition, the
difference in the ablation velocity at the distortion peaks and
valleys and also the vorticity convection from the ablation
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front damp the perturbation amplitude [factor e 2KVal in
Eq. (6)].

Thenext step isto combine effects of the mass ablation and
thermal smoothing. An analytical solution of conservation
equations in this case has a very lengthy form.8 We omit a
rigorous derivation of such asolution in thisarticle, however,
noting that the essential physics of the imprint growth reduc-
tion can be described by an approximate sol ution derived from
Eq. (2) with the following modifications: To take into account
the mass ablation effects, first, we add to the left-hand side of
Eq. (2) the stabilizing term due to the dynamic overpressure
(rocket effect) «?n, and then, the damping term 4kV,din,
which is due to the difference in the mass ablation rate at the
front peaks and valleys and also to the vorticity convection
downstream fromtheablation front. Thermal smoothing of the
pressure perturbations inside the conduction zoneisincluded,
the same way asin Eqg. (4), by introducing a reduction factor
e KVt into the right-hand side of Eq. (2). As a result, the
equation describing the evolution of the ablation-front distor-
tion takes the following form:

a

Observe that neglecting the reduction factor e K%t yields
solution (6) (except for the vorticity term r),). Substituting the
solution of Eq. (7) into the definition of the imprint amplitude
gives

A~r _ _
ey, = 0.4|—n(e Be —g72Ra cosAb|)

o2,
Ay

+

§3.9+0.8Z—:ﬁgsinAb| +nlMP - (g)
where
n=c2/ (VaVbl +V02)1
Ba=2(1/A)Va/cs,
Dpy =2(1/A)NVaViy /Cs,
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and
M = 0.8(A/l)(cs/ Vi ) €2
X[ eTQ(2r)dr ~1.26 % cosAy.

Equation (8) shows that in the presence of the mass ablation,
the imprint amplitude has an oscillatory dependence on the
mode number. For modes with A4 < 1, the oscillation period
and amplitude are determined by the vel ocity and acceleration
perturbation growth reduced by the dynamic overpressure and
the mass ablation [the first two terms in Eqg. (8)]. For modes
with A, > 1, the accel eration and vel ocity perturbations depos-
ited at the ablation front are damped by the mass ablation
[factor e72KVal in Eq. (6)], and the behavior of such modesare
determined by the vorticity convection from the shock front
[thelasttermin Eg. (8)]. Figure80.2 showsacomparison of the
imprint amplitude cal cul ated for conditions specifiedin Ref. 7
with and without stabilizing effects. Observe a significant
reduction in the imprint growth due to the thermal smoothing
and the mass ablation. To apply Eg. (8) to the ICF target
designs, the blowoff velocity is taken to beb11

Vi :Va/ N(V)(kLO)w]'

where v is the power index for thermal conduction, Lg isthe
characteristic thickness of the ablation front,
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Figure 80.2

Plot of imprint amplitude versus mode number calculated using Egs. (3), (5),
and (8) (solid lines) and 2-D ORCHID simulation (dashed line) for a direct-
drive, “all-DT,” a = 3, NIF target design.
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p=(2v)" re+p)+0.12/v2,

and I (x) is the gamma function. The parametersLyand v are
obtained by using the fitting procedure described in Ref. 11.
For a direct-drive, “all-DT,” a = 3, NIF cryogenic target
design,’ the 1-D numerical simulations and the fitting proce-
duregiveV,=2.5 um/ns, V; = 30 um/ns, ¢ = 37 um/ns, Ly =
0.03 um, and v = 2. Theimprint efficiency cal culated by using
Egs. (3), (5), and (8) is plotted in Fig. 80.2 (solid line). For
comparison, the results of the 2-D ORCHID12 simulations of
single-wavelengthimprint amplitudes (dashed line) are shown
on the same plot with the model prediction. Observe that the
developed model accurately reproducesthe oscillatory behav-
ior of the imprint growth. Next, using Eq. (8), the integrity
factor is calculated to be Yy =1.2 x1072. Since the outer-
surfaceroughnessand also theperturbation “feedout” fromthe
inner surfacel® make an additional contribution to the rms
nonuniformity, the total integrity factor is expected to exceed
the stability threshold Y™, thus an additional reduction in
theimprint amplitudeisrequired for asuccessful implosion. A
significant improvement in beam uniformity hasbeen madein
recent years by introducing SSD14 (smoothing by spectral
dispersion) and 1S11° (induced spatial incoherence) smoothing
techniques. Toincludetheeffect of SSD inour simulations, the
intensity nonuniformities have been reduced by factor

te/(tc +4t)

that gives on average a reduction in rms nonuniformity

o= /tc/ta\,g 0y,

where the coherence time is taken to bel4
te =[avsin(ka/2)] .

Av is the bandwidth, t,,q is the averaging time, and Jis the
specklesize. Simulationsshow that usingthe2-D SSD smooth-
ing technique with 1-THz laser bandwidth reduces the integ-
rity factor to Yg'" =103, which is a factor of 10 lower than
the threshold Y.

In summary, a model describing the evolution of the laser

imprint was developed. The model shows that the imprint
growth is determined by the velocity and accel eration pertur-
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bationsgenerated by thelaser-beam nonuniformities. Thermal
smoothing inside a hot plasma corona suppresses only the
accel eration perturbation, while the mass ablation suppresses
both velocity and acceleration perturbations. The model pre-
dictsthat adirect-drivecryogenic NIFtarget will remainintact
during the implosion when the laser is smoothed with 1-THz
SSD used in current direct-drive target designs.
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