| mproved Performance of Direct-Drive | CF Target Designs
with Adiabat Shaping Using an I ntensity Picket

Introduction

Hydrodynamic instabilities put severe constraints on target
designsfor inertial confinement fusion (ICF) experiments.12
A large number of papers published over thelast 30 yearshave
been dedicated to the study of the seeding and subsequent
growth of the hydrodynamic instabilities that develop during
the shell implosion.3 A particularly large effort (both theoreti-
cal and experimental) has been directed to understanding the
growth rate of the dominant hydrodynamic instability—the
Rayleigh-Taylor (RT) instability.* The RT instability inevita-
bly occursin systemswherethe heavier fluid isaccel erated by
the lighter fluid. Such conditions arise during the shell com-
pressionin|CFimplosions, wherethe heavier shell materia is
accel erated by the lighter blowoff plasma.l The RT-instability
growth amplifiesthe shell distortions seeded by initial surface
roughness and laser nonuniformities (laser “imprint”). Grown
to substantial amplitudes, the shell nonuniformitiesreducethe
shell pR and the neutron yield. Fortunately for ICF implo-
sions, the thermal conduction that drives the ablation process
creates several stabilizing effectsthat reduce both the nonuni-
formity seeding and the RT-growth rates.3 Indeed, seeding due
to the laser nonuniformity is determined by how quickly the
plasmaatmosphereis created around theimploding shell. The
laser radiationisabsorbed at somedistancefromthecold shell.
The larger this distance (the conduction zone), the larger the
smoothing effect® of the thermal conductivity within the con-
duction zone and the smaller the laser imprint. The stabiliza-
tion of the RT modes is also due to the thermal conductivity
that drivesthe massablation of the shell material. The ablation
process is characterized by the ablation velocity V,, which is
defined astheratio of themassablationratetotheshell density,
V, =M/ pg,. The larger the value of the ablation velocity, the
larger the ablative stabilization.3 Taking thermal smoothing
and abl ative stabilization into account, one can make ageneral
statement that the higher theinitial intensity of the drive laser
pulse, the smaller the nonuniformities and the more stable the
implosion. Indeed, the higher intensity tends to create the
conduction zonein shorter time, reducing thelaser imprint. In
addition, the initial shock launched by the higher-intensity
pulse is stronger, resulting in larger shock preheat. This re-
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duces the shell density, increasing the ablation velocity. Fur-
thermore, a lower density leads to an increase in the shell
thicknessand areduction in the perturbation feedthrough from
the ablation front to the shell’s rear surface (which becomes
unstableduring thedecel eration phase of theimplosion). There
is a price to pay, however, for the greater stability. As the
stronger shock propagates through the shell, it increases the
shell entropy. A parameter (commonly usedinthel CF commu-
nityl2) that characterizes the shell entropy during the implo-
sionistheshell adiabat a. The adiabat isdefined astheratio of
the shell pressure to the Fermi-degenerate pressure cal cul ated
at the shell density. Since the shell compressibility is reduced
by an increase in the adiabat, the final compression ratio and
thetarget neutronyield areal so reduced. A common practicein
designing direct-drive targets is to find the delicate balance
between reduction inthetarget performancedueto anincrease
in the adiabat and the increase in shell stability.

In optimizing the target design, one can take into consider-
ation that the RT modes are surface modes peaked at the
ablation surfaceof theshell. Therefore, toreducetheinstability
growth, it is sufficient to raise the adiabat only at the outer
region of the shell, which ablates during the implosion. If the
inner portion of the shell is kept on alower adiabat, the shell
and vapor compressibility will not be reduced during the final
stageof implosion, andtheneutronyieldswill beunaffected by
this selective adiabat increase (adiabat shaping). New direct-
drivedesignsproposed inthe current work use adiabat shaping
to improve the performance of the imploding shells. The idea
of adiabat shaping using radiation preheat has already been
implemented in an ignition target presented in Ref. 2. The
designs described in this article use a different approach. The
shell adiabat is shaped by launching a shock whose strength
decreases as it propagates through the shell. This places an
adiabat gradient directed toward the ablation front. Time
variationintheshock strengthisimposed by using anintensity
picket in front of the main-drive pulse. The picket launches
astrong shock that propagates through the shell. As the laser
intensity drops at the end of the picket, the shocked material
starts to expand and a rarefaction wave is launched toward
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the shock. After the rarefaction and the shock coalesce, the
shock strength decays, reducing the adiabat of the shock-
compressed material.

The picket pulse shapes for the direct-drive (DD) ignition
target designswerefirst proposed in Ref. 6. The main motiva-
tionfor such pulseswasto replace acontinuous shell accelera-
tion with an impulsive acceleration. The impulsive accelera-
tionleadsto alinear-in-time growth, replacing the exponential
RT growth.

It would be premature, however, to makeaconclusion about
the shell stability based only on an analysis of the ablation
velocity. A careful account of all additional sources of the
perturbation growth prior to and during the shell acceleration
is required. The analysis reported in this article reveals that
introducing an adiabat gradient creates conditions for an
additional instability. Inthe shaped-adiabat designs, the gradi-
ent in the entropy has the same sign as the effective accel-
eration, which excites the convective instability.” It is well
known,” however, that the convective instability modes are
internal modes (the eigenmode maximum is localized inside
the shell), and theinstability growth rates are lower than those
of theclassical RT instability. Although our analytical calcula-
tions and numerical simulations show that such an instability
makes no significant contribution to the overall shell nonuni-
formity balance in the designs described here, care must be
taken to control the seeding and the growth of the internal
convective modes. In addition, the analysis reveals an “early
time” RT growth (prior to the acceleration RT growth) at
the ablator/main fuel interface during the transitional phase
between the picket and the main drive pulse. Such a growth
leads to a modification in the mode structure prior to the
acceleration phase.

This article identifies the main advantages and possible
disadvantages in using adiabat shaping in | CF target designs.
Thefollowing sections (1) deriveatimehistory of thematerial
flow in adecaying shock configuration; (2) describe new DD
designsfor the OMEGA8 and the National Ignition Facility’s®
laser systems and present the results of stability analysis of
such designs; and (3) summarizetheresultsof the experiments
performed with the shaped-adiabat warm plastic targets.10

Propagation of a Decaying Shock

As described in the Introduction, new target designs are
proposed using an intensity picket to shape the adiabat inside
the shell. In this section we determine the adiabat profile by
solving asimplified problem of shock propagation in the case
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of an impulsive applied pressure. We assume that a finite
pressure p,, is applied during a time interval 0 <t < t,. At
t > t, the applied pressure goes to zero. During the picket
duration, a strong shock is launched into the shell. As the
external pressure goes to zero, the shocked material starts to
expand, launching a rarefaction wave in the direction of the
initial shock. At 't = t, + t,, the rarefaction wave catches up
with the shock, and the shock strength starts to decay. There-
fore, by the time the shock breaks out at the rear surface, the
adiabat at the shell’s rear surface will be lower than the
adiabat at the front surface. The problem of shock propaga-
tion in the case of the impulsive load has been considered
previously,1112 and the solution was obtained using a self-
similar analysis.I! Such an analysis, however, is only valid
asymptotically (t >> ty). Since there is a finite decrease in
the entropy prior to the time when the solutions of Ref. 11
become valid, the self-similar treatment cannot predict the
total entropy variation across the shell, so we must use a
different approach to determine the adiabat profile.

Assuming that in the laboratory frame of reference the
shock moves in the negative x direction with the velocity
Us=4(v+1) ps/(2m). the hydrodynamic conservation
equations can be combined to determine the time evol ution of
the pressure pg at the shock front:

dps y—l
s =2~y a,.p).,
dt 2y-1 s(0xP)s )

where y istheratio of specific heats and pg istheinitial shell
density. In writing Eq. (1) we used a strong-shock limit
Ps/Po >>1, where py is the initial shell pressure. Next, we
must calculate the pressure gradient at the shock front. We
accomplish this by considering a physically equivalent prob-
lem: instead of a decaying shock propagating through a uni-
form density (first problem), we consider a rarefaction wave
propagating along the hydrodynamic profiles with finite den-
sity, pressure, and entropy gradients (second problem). These
two problems will be equivalent if the hydrodynamic profiles
of the second problem will satisfy the Hugoniot relations’ at
the shock position in the first problem. If the shock remains
strong at all times, the compressed density right after the
shock front remains constant, ps =(y +1)/(y—-1) @. There-
fore, the Hugoniot relations must be satisfied in the second
problem at the point where the local density isequal to pg. To
simplify the solution of the second problem near the shock
front, we order Lgt=dyS/s<<ydy p/p= yL,_)l (the large y
limit), where s is the shell entropy. This leads to an intro-
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duction of the long-scale variables T = td and X = x4, where
0~ Lp/(yl_s) <<1. Next, we expand the mass and momen-
tum equations and all hydrodynamic functions in powers of
d and perform a multiscale analysis. Keeping only the zero-
order terms in & in the conservation equations yields the
system (v=¢&)dgp+pdsv =0, (v-&)dsv + 05265 p/p =0,
where & = x/(t —tp) [the rarefaction wave is Izaunched at=
tp]. Solving the last system gives (v —E) = cg, where
Cs = Jyp—n7 For therarefaction wave propagating in the nega-
tivexdirection, weobtain v= & + cg. Then, the pressure profile
inside the rarefaction wave becomes

p= pp(sp/s)]/(y_l) [ZC(X,T)/Cp(y +1)

(v -1/(y+1) E/cp]zy/(y_l)

where ¢, = YR/ Ps, Sp= pp/Pg, and c(X,T) is an unde-
fined function of the long-scale variables. Taking the spatial
derivative of pressure at the shock front, dy p = 05 p/(t —tp),

yields
Ps /ps 2y 1
oy —=— [=—— . 2
X pp pp y+lcpit_tpi @

Observe that the gradient does not explicitly depend on the
unknown function c(X,T); this significantly simplifies the
analysis. Substitutinj; Eq. (2) back into Eqg. (1) gives

dps/dt:—Bps/(t ~t,) and B=,/2y(y-1)/(2y-1), which

leads to

Py _as _O-td”

pp ag mg , (3)

wheret,,, isthe rarefaction wave's propagation time from the
outer surface of the foil to the shock front and a; and ag are
the adiabat! at the front surface of the shell and shock front,
respectively. It can be shown that the correctionsto Eq. (3) due
to the long-scale variations are small when y > 1.2. Fig-
ure 93.14 compares Eq. (3) (dashed curve) with the results of
numerical simulation (solid curve) using the one-dimensional
Lagrangian code LILAC.13 The figure shows evol ution of the
pressure at the shock front calculated for a 200-um-thick DT
foil driven by a300-ps, 3.3 x 1014 W/cm? laser pulse (t, + ty,
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=440 psin this case). A good agreement between theoretical
predictions and numerical results confirms the accuracy of
Eq. (3). Figure 93.14 also plots the results obtained using the
self-similar solution of Ref. 11 (8 = 0.78) (dotted curve).
Althoughtheself-similar solutionaccurately predictstheshock
pressure’ sdecaying rate after t = 1 ns, the absolute value of the
pressure (and the adiabat) is ~40% lower than the value
obtained in the simulation.
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Figure 93.14

Pressure at the shock front cal cul ated using Eq. (3) (dashed curve), results of
one-dimensional code LILAC (solid curve), and the self-similar solution of
Ref. 11 (dotted curve). Calculations are performed for a 200-um-thick DT
foil driven by a 300-ps intensity picket.

Next, using Eq. (3) we calculate the entropy distribution
inside the shell in terms of the mass coordinate. First, we
introduce the mass m* per unit area compressed by the shock
during time interval t =ty +t,,m" :poUSp(tp +trw), where
UP = /(v +1) pp/(2m). The rarefaction-wave propagation
timety,, can berel ated to the picket durationtimet, by equating
the distance traveled by the shock (in the frame of reference
of the compressed material) dg = (tp +trW)U§1 (v-1)/(y+1)
tothedistancetraveled by therarefaction waveds= Cptyy,. This
gives tp /thy = 42y/(y —1) —1. Thefraction of massdmover-
taken by the shock during time dt is dm = pgUdt. This gives
dmyct = (7t ) @5/ 1 /(L+tp /tow)- With the help of
Eq. (3), the solution of the last equation becomes

72/(2-P)
_y.2-B 2y qm 0 U
a(m)=a; 52 m@@ 1@"'18 )

For a practical application, it is important to determine the
duration t, and the height p, of the picket that gives the
maximum adiabat ratio a/ay, at the beginning of the shell
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acceleration (the onset of the RT-instability growth), where ay,
= o (mg,) isthe adiabat at the shell’ srear surface and mgy, isthe
total shell mass. The target starts to accelerate soon after the
shock breakout at the shell’srear surface. Therefore, to calcu-
late the adiabat at the position of the ablation front at the
beginning of the shell acceleration, we must cal culate thefrac-
tion of the shell material ablated during the shock transit. For
a constant applied pressure p;, the shock transit time across
the shell of thickness Ag is tgock —Ao/ (v +1)pp/(2m0).
Then, using the scaling of the mass ablation rate

r'r(g/cmz/s) =1.05x105 Ii/53

and the ablation pressure! p,(Mbar) =80.5 |12é3, we obtain
the ablated DT mass during the shock propagation, Am =
0.2 mg,. Here, |5 isthelaser intensity in units of 1015 W/cm?2.
Observethat sinceAmdoesnot depend ontheapplied pressure,
we can use the derived ablated fraction also in the case of the
picket pulse. Substituting m = Am into Eq. (4) we obtain the
ablation-front adiabat a4 at thebeginning of shell accel eration:

o _ D (- B/2N2y/(y=1) e /-1 +1 B2/3/(2-;;)

ay gl—B/Z)\/Zy/(y—l)(O.sth/mD—l)+1E

(5

Observethat a4, isamonotonically growing function of m*.
Equation (4), however, is valid only for m = m*, thus agy
reaches the maximum value at m* = 0.2 my,,

0 2P/(2-F)
max(aabl):abg(z —ﬁ)\/% +10 =6.3ap

O

for y = 5/3. This shows that at the onset of the RT instability,
the maximum ratio of the ablation front and rear-surface
adiabat that can be achieved with a single picket pulse is 6.
Takinginto account that V, ~ a 3>, thisgivesanincreasein the
ablation velocity by afactor of 3 at the beginning of the shell
acceleration. The ablation velocity, however, decays in time
since the ablation front moves into a region with a lower
adiabat. Using

M7= poUdtw2v/(y=1) =02 my, =02 R

LLE Review, Volume 93

IMPrROVED PERFORMANCE OF DIRECT-DRIVE | CF TARGET DESIGNS WITH ADIABAT SHAPING

leads to arelation between the applied impulsive pressure p,,
durat|0n of the pl cket t,, and the shell thickness A,
Pt = 9x1072 pyirf. For DT shells, pp=0.25g/cmd, and the
picket pressureis p, = 6.3 pp, where p,(Mbar) = 2.14p2%ay,
isthe pressure at the shell’s rear surface. Therefore, the opti-

mum pulse duration becomes ty(ns) ~1073Aq (um)/ ay, .
For a typical OMEGA cryo design Ag ~ 80 um, and the
optimum picket duration for ay, = 3ist, = 50 ps. For the NIF
DD designs with Ag = 350 um, t, = 200 ps. This estimate
shows that the new target designs require short picket pulses
to optimize the adiabat shape inside the shell. In the next
section we study the effect of adiabat shaping on the perturba-
tion growth in the OMEGA and NIF cryogenic target designs.

NIF and OMEGA Target Designswith Adiabat Shaping
Adiabat shaping is expected to reduce the growth rates of
theRT-instability modes. Thefinal modeamplitudes, however,
depend not only on the growth rates but also on the initial
seeds. Such seedsare determined by the surface roughnessand
the laser imprint amplified/reduced by the perturbation evo-
[ution during the early stage of the implosion when the first
shock launched at the beginning of the laser pul se propagates
through the shell. The perturbation amplification factor at the
early stage depends on the details of a particular target design.
In this section we study the effects of adiabat tailoring (in both
the seeding and the RT-growth rates) in the cryogenic a = 3
targets designed for the OMEGA and the NIF laser facilities.
Here, a standsfor the adiabat at the back of the shell. To avoid
confusion, we refer to the OMEGA and NIF a = 3 designs
previously described in Ref. 14 as the standard designs. The
designs presented in the current work will be referred to as
picket designs. Thestandard designshaveavery thin (1 umfor
the OMEGA shells and 3 um for the NIF shells) plastic
overcoat required for DT-shell fabrication. These targets are
driven by a laser pulse that consists of a constant-intensity
foot (I ~ 1013 W/cm?) followed by the main drive pulse with
| max ~ 1012 W/cm2, Therequirement for the very thin overcoat
layers comes from the minimization of the early-stage pertur-
bation growth factors. Such a growth is due to an impedance
mismatch between plasticand DT icethat leadstoanadditional
perturbation growth by afactorls ~e->VkdcH | wherekisthe
perturbation wave number and dcy isthe overcoat thickness.
In the picket designs, such arequirement, as shown later, can
be relaxed, and athicker polymer overcoat isused to facilitate
shell manufacturing and to increase the laser absorption. The
overcoat thickness is determined by the requirement that the
plastic layer be ablated by the beginning of the acceleration
phase. This is done to take advantage of the higher ablation
velocity of thelower-density DT ice. Thereisanegative side,
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however, in anincreased overcoat thickness: whenthe DT ice
becomes the ablator, radiation from the plastic present in the
hot corona streams through the ablator, preheating the main
fuel. The picket designs, nevertheless, use thicker polymer
layers (5 um for OMEGA and 17 um for the NIF) since our
calculations show the beneficial overall effects of an in-
creased overcoat thickness. The picket designs for OMEGA
andtheNIF arepresented in Fig. 93.15. Thelaser pulseinboth
cases consists of a picket [we assume a Gaussian picket with
FWHM (full width at half maximum) = t,], an intensity rise,
and the main-drive pulse with the maximum power P4

Shell thickness is determined by the implosion velocity
and the laser energy. The minimum implosion velocity! re-
quired for ignition of large-aspect-ratio cryogenic targets is
Min (Vimp) ~ 3 % 107 cm/s. Theimplosion velocity in arobust
ignition design must exceed thisvaluein order to have excess
kinetic energy at thetime of ignition. Such amarginl*16 helps
to compensate for the effects of the shell nonuniformity. A
larger value of the implosion velocity is also required to re-
duce the perturbation growth rates during the deceleration
phase of implosion. Asshownin Ref. 17, the ablation vel ocity
during the deceleration phase is proportional to the hot-spot
temperature to the power 5/2. The larger implosion velocity
leadsto ahigher hot-spot temperaturel® (Tps~V, mp) andlarger
ablative stabilization of the RT modes during the shell decel-
eration. Based onresultsof thestability analysis, wefound that
the implosion velocity for the direct-drive NIF targets should
not belessthan 4 x 107 cmy/s. For the current design we choose

Vimp = 4.3 X 107 cm/s. A given implosion velocity and the
absorbed laser energy (which can be translated into the shell
kinetic energy, taking into account theimpl osion efficiency of
~7%) uniquely determine the shell mass.

Shell radius is defined by minimizing the duration of the
shell’s coasting phase. Soon after thelaser isturned off (end of
the acceleration phase), the target starts to decompress: the
front and rear surfaces expand with alocal sound speed. The
expansion of the back of the shell lasts until the main shock
reflected from the shell center starts to interact with the
incoming shell (beginning of the deceleration phase). Mini-
mizing the time of the shell’s free expansion (coasting phase)
maximizesthefinal total pR. Thisleadsto arequirement onthe
shell radius: by the time the laser isturned off, the main shock
must reach the shell center. If the shell radiusistoo small, on
theother hand, thedecel eration phasewill beginwhilethelaser
isstill on. The high pressure in the vapor will prevent, in this
case, the shell from gaining the required implosion velocity;
therefore, an effective transfer of the absorbed laser energy to
the shell’s kinetic energy will not be possible.

Laser pulse shape in the picket design is determined by
several parameters: (1) rear-surface adiabat, which affectsthe
target neutron yield and shell pR (it also controls the stability
during the decel eration phase), (2) the adiabat shapeinsidethe
shell, and (3) proper timing of all shocks and compression
waves developed during the implosion. The first two param-
eters determine the picket peak intensity and picket duration

NIF oy CH, 17um OMEGA
'\ 290 um
DT gas
500 .
- 10.0 -
< 100 } 4 504 3
= i ] I
5z 50 3
= tp =200 ps 1 10 tp =50 ps __
2 ol Prax = 400 TW 4 osk Prmax = 25 TW 3
PpRmax = 1.45 g/cm? Bl PRmax = 300 mg/cm?| ]
10 - Y=3x 1019 7 Y =6 x 1014
0 | | | | | | |
0 2 4 6 8 0.0 0.5 1.0 15 2.0
o1 Time (ns) Time (ns)
Figure 93.15

Direct-drive, a = 3 cryogenic target designsfor the OMEGA and NIF laser systems.
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(see the previous section). Meeting the third constraint on the
pulse shaping requires accounting for all hydrodynamic
waves that are launched during the implosion. Next, we sum-
marize the main waves. First, a strong shock wave (SW,) is
launched by the picket at the beginning of the pulse. Then, as
the intensity drops to a much lower level after t = t,, arare-
faction wave (RW,,) starts to propagate through the shock-
compressed material, and, as soon as the rarefaction catches
the shock, the shock strength starts to decrease. The SW sets
up the shell adiabat for the entire acceleration phase (with a
minor increase dueto aradiation preheat and additional hydro-
dynamic waves). L ater, the laser power ramps up to reach the
maximum value P4, and a compression wave or a weak
shock isformed at the ablation front. To emphasize that such
a wave should not turn into a strong shock (this limits the
slopesof theintensity rise), we denotethiswave asacompres-
sion wave (CW). As the SW; breaks out at the shell’s rear
surface, the surface starts to expand, launching a rarefaction
wave (RWp). While the RW,, travels from the rear surface
toward the ablation front, it establishes some velocity, pres-
sure, and density gradients. Each fluid element insidethe RW,,
is accelerated according to dv/dt = -d,p/p, where p and p
are the pressure and density of the fluid element. At the head
of the rarefaction, pis equal to the shell density compressed
by the SW; and CW. When RW), reaches the ablation front,
the density suddenly drops, creating a large acceleration
gradient. Thisformsalocal excessinthe pressurethat startsto
propagatein theform of acompression wavealong decreasing
pressure and density profiles. A compression wave propagat-
ing along a decaying density turns into a shock (SW5) inside
the shell.18 Wewant to stressherethat SW,, cannot be avoided.
It will becreated evenfor aconstant-intensity pulse. Theeffect
of SW, onthetarget performance, however, can be minimized
by appropriately choosing the rise time of the laser pulse: the
point where the laser reaches the maximum power must be
between the SW, breakout at the rear surface and the RW,
breakout at the ablation front (in other words, the laser must
reach the peak power while RWy propagates through
the shell). In addition, a proper timing of the pulse requires
that, while traveling inside the shell, the SW; aways be
ahead of the CW. The time difference, however, between the
breakout of the CW and SW at the rear surface must not be
larger than At =cg / (Ao /16), where cg is the average sound
speed inside the shell compressed by the SW,, and A is the
initial shell thickness.

Figure 93.15 shows the picket target designs, taking into

account all the constraints on the shell size and pulse shape
discussed above (for abetter shell stability, the coasting phase
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in the OMEGA design was extended). The OMEGA design
reaches the implosion velocity Vi, = 4.6 x 107 cm/s, peak
of thetotal PR = 300 mg/cm?, and it produces Y = 6 x 1014
neutrons. The NIF design has, correspondingly, Vim, = 4.3 x
107 cmi's, PRy = 1.45 glem?, and Y = 3 x 1019 (gain = 55).
Next, we study the stability of the designs presented in
Fig. 93.15. Westart by analyzing the perturbation growthrates.

1. Reduction in the Rayleigh-Taylor Growth Rates

The main motivation for the adiabat shaping isto increase
the ablation velocity of the shell. Such anincrease resultsin a
reduction in the RT-growth rates. To separate the effect of the
RT-growth-ratereduction from effects of themultiple material
interfaces (which will bestudied later), weconsider apure-DT
shell (no polymer overcoat) driven by both a standard pulse
and a picket pulse. The OMEGA all-DT target, equivalent to
the design presented in Fig. 93.15, has an outer diameter of
430 um and a shell thickness Ag = 85 um. The pulse shape
for the standard a = 3 OMEGA design is taken from Ref. 14.
Averaged over the time of shell acceleration, V, increases
from 4 um/ns in the standard design to 6.5 um/ns in the
picket design. The RT-growth rates are estimated by sub-
stituting the ablation-front trgjectories R, obtained from the
1-D simulation into the fitting growth-rate formula,20
Mgt = 0.94Jk79 —-2.6 kV,. Since the fitting formula uses
time-independent planar geometry variables, g, k= //R,, and
V, are averaged over the duration of the acceleration phase.
Figure 93.16 shows the results of the fitting formula applied
to the two designs. Next, a series of two-dimensional simula-
tions using the Lagrangian code ORCHID?! was performed
to calculate the growth rates of the RT modes. The instability
was seeded by applying a 1% laser-intensity modulation.

10 T T T T T

Growth rate (ns1)
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0
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TC5999a

Figure 93.16
Rayleigh-Taylor growth rates for the standard (dashed curve) and the picket
(solid curve) OMEGA designs.
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Figures 93.17(a) and 93.17(b) compare the results of simula-
tions(solid and dotted lines) with theoretical prediction (dashed
straight lines) for mode numbers ¢ = 60 and ¢ = 100. Simula-
tions exhibit lower growth rates at the beginning of the accel-
eration phase and higher growth rates at the end of accel-
eration. Thisismainly due to awave number variation during
shell compression and, in the case of the picket design, lower
ablation velocity at the end of the laser pulse. Averaged over
the duration of the acceleration phase, however, simulations
agree reasonably well with the result of the fitting formula.
According to Fig. 93.16, the cutoff mode number is expected
to be reduced from ¢ = 600 for the standard pulse to ¢ =
280for the picket design. InFig. 93.17(c) we pl ot thetemporal
evolution of the mode ¢ = 300, which is predicted to be stable
for the picket case. Indeed, the simulations clearly show the
mode growth inthe standard design and the mode stabilization
inthepicket design. Based ontheresultsof 2-D simulationswe
conclude that the reductionsin the growth rates due to adiabat
shaping arein good agreement with the analytical predictions.
Next, we turn our attention to the seeding of the RT modesin
the picket design with multiple layers.

2. Seeding of the Rayleigh—-Taylor Modes

in Multilayer Targets

To calculate the nonuniformity evolution throughout the
implosion, itisessential to accurately predict theinitial condi-
tions for the RT-instability growth. Such initial conditions, in
turn, depend on how the laser imprint and surface roughness
evolveprior to the onset of the RT instability (prior to the RWy,
breakout at the ablation front). In this subsection we estimate

the growth factor of the initial perturbation seeds during the
early stage of implosion.

The RW/, (seep. 23) launched into the compressed material
establishes a pressure profile decaying toward the ablation
front. This creates pressure and density gradients of opposite
directions at the CH/DT interface. Thus, a short period of the
classical RT growth (“early time” RT growth) occurs at the
interface. Suchaperiod|astsuntil the CW reachestheinterface
and changes the sign of the pressure gradient. The amplifica-
tion of the interface perturbations (seeded by the distorted
SW,) can be estimated from thefollowing considerations: The
interface between the heavier CH and lighter DT isaLagran-
gian point moving with alocal fluid velocity. Since the pres-
sure profile across the interface is established by the rare-
faction wave RW,, the interface acceleration is an accelerar
tion of a Lagrangian point inside the rarefaction wave. Next,
we consider a rarefaction wave traveling along a stationary
uniformdensity p and pressure p. The solution of the hydro-
dynamic equations in this case written in the Lagrangian
coordinates has the form18 (y = 5/3):

%o
et O

P=P

, (6)

where C = ,/yp/ p. Thetime coordinatein the last equation is
shifted to the beginning of the rarefaction wave propagation.
The acceleration of aLagrangian point is calcul ated by taking
the derivative of the pressure with respect to the Lagrangian
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Figure 93.17

Mode evolution for (a) ¢ = 60, (b) /=100, and (c) / = 300. Numerical results are shown with the solid (standard design) and dotted (picket design) lines; the
predictions of the fitting formula?0 are indicated by the dashed straight lines. Calculations are performed for the OMEGA o = 3 design.
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variable xg (at timet = 0, the rarefaction wave is at xg = 0):

g:—iﬂ: 362)(%/4 (7)
poxg Act )5/4'

Next, we take X to be the polymer thickness (Lagrangian
position of the CH/DT interface) at the beginning of the RW,
propagation, Xg = Acy = Ccpty, Where t, is the Rw, breakout
timeat the CH/DT interface, and ccy isthe sound speed of the
shock-compressed CH. Simulationsshow that Acp = dcp /6,
where dcy is the initial overcoat thickness (the SW; com-
pressesthe plastic layer by afactor of 4; additional reductions
in thickness are due to the mass ablation and adiabatic com-
pression of the CH layer during the picket rise). The parameter
C inthis case is C=Ccy =~/YPcH/ PcH » Where pey is the
pressureat theshock frontinCHand pcy = (v +1)/(v-1)
isthe shock-compressed CH density. Next, to find the pertur-
bation growth fac-tor at the interface, we must solve the RT
evolution equation (including decompression effects):

d
L (on) O

e ATkgn 0, (8)

where n is the CH/DT interface modulation amplitude, k is
the wave number, and, according to the LILAC simulations,

~ 1/3. The Wentzel—-K ramers—Brillouin (WK B) solution??
of Eq. (8) hasthe form

n= rlmfs(AeZ +Be™¢ )

where { = 4/34/kACHr3/8 and T =ccpt/Acy - Equation (8)
is subject to the initial conditions at the onset of the pertur-
bation growth: n(t = t;) = ng and A(t,) =ng. These condi-
tions can be defined from the following considerations: If
the interface perturbation is seeded by a nonuniform shock
with a modulation amplitude g, then ng and ng are related
as Mo =nsUR /US™, where

U =42/(y +) "7/ by

is the post-shock fluid velocity in DT and

USH = [poly +1)/2/ Ay

LLE Review, Volume 93

IMPrROVED PERFORMANCE OF DIRECT-DRIVE | CF TARGET DESIGNS WITH ADIABAT SHAPING

is the shock velocity in CH. Because of the density jump
acrossthe CH/DT interface, thepressure behind the SW, drops
as the shock crosses the interface. The transmitted pressure
ppt Must satisfy the following equation derived from the
matching conditions across the interface:

0
PcH

0 yg
ﬁ_\/pDT :\/ 2y PDT E1 ZZVﬁ

y-1p&, H

where Z = ppt/pp - Substituting pBT = ng /4, thelast equa-
tionyieldsppt = 0.45 p,,; thusthe transmitted pressureis one-
half of the initial drive pressure. Thus, the initial interface
amplitudebecomes g = .. Itisinteresting to observethat the
initial interface perturbation is approximately equal to the
shock modulation amplitude. To calculate the initial velocity
perturbation g wemust takeinto account that the RWyinthe
designs presented in Fig. 93.15 catches with the SW; inside
the plastic, very close to the CH/DT interface. Thus, we can
approximate that the interface starts to accelerate with g,
defined by Eq. (7), right after the SW, crosses the interface.
The velocity perturbation gained by the interface during
timeinterval Atis o = gAt, where At =ns/UST isthetime
of the shock propagation across the amplitude ng; then,
No=0.42 NgCep /Dy - If the perturbations are seeded by the
outer-surface roughness and the initial amplitude of the front
ripple is ag, then the shock amplitude® evolves according to

t)= aO[JO(chH t/u) +2/3 Iy (ke t/u)],

where Jy(x) and J,(x) are Bessel functions of zero and second
orders, respectively, and

o e -

in the strong shock limit. Approximating the Bessel functions
withtheir envelopesgives Jy(2) +2/3J5(2) = /2/(972), where
z calculated at the SW, breakout time at the interface is
z~kdcn /2. Collecting all the termstogether, the perturbation
growth factor GF =n(t)/ay becomes

25



IMPROVED PERFORMANCE OF DIRECT-DRIVE | CF TARGET DESIGNS WITH ADIABAT SHAPING

0t 040
oE= 038 Ot

"~ Jkdew B H

0.8

\kdcy

O ) O
X B:osh o- sinh UH (9

where o =0.54./kdcy [(t/tr)3/ 8 —]]. The perturbations im-
posed at the CH/DT interface by the perturbed SW, grow until
the CW reaches the interface and changes the sign of the
pressure gradient. Figure 93.18 plotsthe GF cal culated for the
NIF design presented in Fig. 93.15 (t/t, ~ 40). The mode
number ¢ is defined as k = (/Rg, where Ry = 1700 um is the
initial outer shell radius. The amplification in the mode ampli-
tude, for the mode numbers of interest to | CF, variesfrom 1 to
30, but only afraction of this amplitude seeds the RT mode at
the onset of the target acceleration. Thisis partially dueto the
interface amplitude compression by the CW. An additional
reduction comes from the coupling of the interface ripple to
theablation front, whichisstabilized by thedynamic overpres-
sure effect.?4 Figure 93.19 illustrates the reduction in the
interface amplitude prior to the target acceleration. The inter-
face modulation evolution is calculated using 2-D ORCHID
simulationswith animposed initial outer-surface perturbation.
The dashed line represents the behavior of mode ¢ = 100 with
ap = 0.5 um, and the solid line corresponds to ¢ = 300 with ag
= 0.2 um. The SW, bresks out at the CH/DT interface a 0.4 ns.
At thistimetheinterface modul ation jumpsto the value of the
shock ripple amplitude (the shock modulation for ¢ = 300

30 | | | |
25
20
15
10 |-

Growth factors

! ! ! !
0 100 200 300 400 500

Mode number ¢

TC6120

Figure 93.18
Growth factors of the “early time” RT instability in the NIF picket design.
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Evolution of the CH/DT interface modulation for / = 100 (dashed line) and
¢ =300 (solid line) prior to shell acceleration.

changessign at t = 0.4 ns; therefore the plot shows the growth
of this starting from zero amplitude). Although the short
wavelengths experience a larger growth due to the early RT
instability, their amplitudes are substantially reduced by the
time of shell acceleration. The conclusion one can draw from
thisanalysisisthat theearly RT growth of the CH/DT interface
perturbations does not amplify significantly the seeds for the
acceleration RT instability. Even if such amplification by a
factor of several will occur, the perturbationswill be substan-
tially reduced by high ablation velocity (the adiabat has the
largest value at the interface) when the ablation front crosses
the CH/DT interface.

3. Convective Instability

Itiswell known that in the presence of the entropy gradient
inside the shell, a convective instability developsif the effec-
tive acceleration and the entropy gradient are in the same
direction.” Such an instability has been studied by several
researchersin the past.”-2> Thefollowing areimportant results
of these studies: (1) Intheclassical RT case (no ablation) with
negligibly small light-fluid density (At ~ 1), the convective
mode is totally decoupled from the RT mode, and the RT-
growth rate is y = \/k7 , regardless of the adiabat shape (as-
suming a sharp interface between lighter and heavier fluids).
(2) The growth rate of the convective modesis always smaller
than the growth of the RT modes. The growth rates of the
modes excited in the shell can be derived by combining the
conservation equations into a single differential equation for
the x component of thefluid velocity v (x coordinateischosen
in the direction of the acceleration g):
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2,_odvO_O2d O
a‘v dx 0 sdx+(y 1)g§

x (I’2 + kzcg)_1 BL 2 % - kzgvg, (20)

wherek isthewave number, I' isthe perturbation growth rate,
and ¢5 =.4/yp/p isthe sound speed. In writing Eq. (10) the
ablation effects were neglected. If x = 0 at the fluid interface
and x is negative inside the shell, the pressure continuity
condition at the interface reads as

p(17) = po(0) + P(0) + (dp/dx)n = po(0),

where P is the pressure perturbation, py is the equilibrium
pressure, and n is the interface modulation amplitude. The
velocity at the interface is related to the distortion amplitude
asV(0) =T n;inaddition, wewrite dv/dx|, _, = pkv(0), where
L isan undetermined constant. The pressure continuity in this
case reduces to the simple relation

r= |2 (11)

Itiseasy to show that the solution v~e*and T = kg (u =1)
satisfies Eq. (10); thus, the classical RT mode grows with
I" = \kg, regardless of the entropy profileinsidethe shell. As
shown in Ref. 7, however, for all other modes that can be
excited in the shell (theinternal convective modes), u > 1 and
the growth ratesare smaller than /kg. Intheablative case, the
growth rates of the RT instability are significantly reduced by
the ablation. For the DT ablator, the fitting formula that
reproduces the results of the self-consistent theory has the
form?0 Mgy = 0.94,/kg —2.6 kV,. Near the cutoff wave num-
ber, where I g7 vanishes, the growth of the convective modes
could exceed the RT growth. Itisimportant, therefore, to study
the internal mode growth in such aregime.

We begin the analysis by determining the spatial depen-
denceof theadiabat for the picket designsshownin Fig. 93.15.
The shell entropy s(x) calculated using the 1-D simulations
can be fitted with a power law s(x) = so[l—x/(BSLgn)]_BS,
where Lgy, (the minimum entropy gradient scale length) and
the power index S are determined from the fitting procedure.
The x coordinate is negative inside the shell, so s(x) decreases
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fromtheinterface toward the back of the shell. Next, we solve
Eg. (10) to find the eigenvalue p, imposing the condition of
finite vat theback of theshell. Near theRT cutoff, thecondition
KLgy >>1is satisfied, and Eq. (10) can be greatly simplified:

V' —k2Q(x)v =0, Q(x) =1~ H

 Ls =Lgy ——. (12)
YkLs Bs

Here, prime denotesthe spatial derivative. In solving Eq. (12)
we assume u >>1. This assumption will be verified later.
Observe that Q is a decaying function of x; therefore the
solution of Eq. (12) depends on the sign of Q inside the shell.
It iseasy to show that Q cannot be positive everywhere in the
shell. Indeed, to satisfy the boundary condition at the shell’s
back, we must keep only the exponentially decaying solution

vwke ~Q " exp %}\/ Qy') dY'E

where wypg is obtained using the WKB approximation. But
such a solution does not satisfy the boundary condition at x
=0, V'/v =ku. Thus, Q must be negative somewhere in the
shell. Next, we distinguish the following two cases: (1) Q
changes sign at point X=X, (2) Q is negative everywhere.
In case (1), solution of Eq. (12) intheregionwhere Q >0isv
= Wykp- IN the vicinity of X=X, the WKB approximation
breaks down and Eqg. (12) must be solved by expanding Q in
the Taylor series,

Q=Qy ~Qk(x —x),

where Qp :l—u/[y(kLsm —k>‘</[35)] =0, and Q =y/(uBs).
Then, the solution of Eq. (12) that matches wyyg at 7 —»
becomes v;,, ~ Ai(1), where Ai(1) is the Airy function and
7= kQ3(X - X). We will show later that | QKX |<<1 and the
Taylor expansion of Q isstill valid near x = 0. The boundary
condition v'/v = pk can be applied in this case to v;,,. Using
the expansion of the Airy function for the large negative
arguments, the boundary condition reads as

1 (R _32 N0, 43 Y3 _
—+ T tan =17 —-——+ =0, (13
4T0 To ) To 40 H (BS/V) ( )

where Tg :B32/3(u/y —kLgm )(v/ ;1)]/3 is the value of -7 at
the density jump (x = 0). Since u >>1 (by assumption), the
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right-hand side of Eq. (13) is large, and the equation can be
satisfied only if the argument of the tangent is close to
712. This defines 7o, (2/3)15%=3m/4+m, n=0,12. Sub-
stituting the defipition of 7ginto the last equation leads to
Bszy( uy- kLsm)3 =9 712(3/4 + n)2 /4, which hasthefollow-
ing solution:

1= yklgn +L[9n2(3 +4n)? [3SkLsm]]/3, n=012. (14)
4p

Observe that p >> 1 for the short-wavelength modes consid-
ered here, in agreement with the initial assumption. Also,
|kQux |~ (kLsm)_Z/3 <<1, which validates the Taylor expan-
sionof Qnear x=0.Using Eq. (14), thegrowthrate I' = _/kg/u
takes the form

r= 9 . (15)
% on{1+4n/3) 7 °H
Ylsm +E187D 0
@ O Bskl-sm O Q

Next, we recall that Eqg. (15) isvalid only if Q changes sign
insidetheshell,i.e., —d <X <0, wheredisthe shell thickness.
Such a requirement puts an upper limit on values of L
u< yk(LSm +d/ /33); using Eq. ;14), the last condition reads
asn< (2ﬁskLsm /3n)(d/ [gLsm)3 2. Thenumber nhasasi mple
meaning: n indicates how many times the eigenmode changes
sign inside the shell. To calculate the number n for the ICF
target, we must recall that the internal modes are seeded only
by the vorticity inside the shell.” In the |CF experiments the
vorticity is induced either by the rippled shock propagating
from the ablation front or by the rippled rarefaction wave in
the case of the initial inner-surface roughness (feedout). In
both casestheimposed vorticity oscillatesinsidethe shell, and
thecharacteristic spatial frequency of such oscillationsisof the
order of the perturbation wavelength. As an example, let us
consider the case of therippled shock. If agistheinitial outer-
surface amplitude of the mode with the wave number k, the
shock creates the shell vorticity2324 Q according to

Qg =i(x v), = kv, —idyvy

3 1
~ > Kaesn(0)+5 %5 (16)
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where { =KAg/2(m/mg,), J,(¢) and J5() are the Bessel
functions, m is the mass coordinate inside the shell, my, is
thetotal shell mass, and Agistheinitial shell thickness. Taking
into account that 1/5 of the initial shell material is ablated by
the time the shell accelerates (see the Propagation of a
Decaying Shock section), {jna = 2kAg/5. Using Eq. (16) and
approximating Jm(¢) ~sin(¢ —nmvt/2-m/4), itis easy to cal-
culate the number of zerosin Qy: Ng ~ 2kAq /(5m). Taking
n = Ny, the validity condition of Eq. (15) becomes

Dy 5[ d
VR )
d "3V Bolem (7

This condition is not satisfied for the target designs presented
inFig. 93.15[Agy/d ~ 10 (shell iscompressed by the shock SW4
and the compression wave CW), d = 8 um, Ly, = 5.4 um, and
Bs=0.5for the OMEGA picket design]. Thus, to calculate the
convectiveinstability growth ratewemust consider the second
case when Q is always negative inside the shell.

If Q <0, the WKB solution of Eq. (12) takes the form

A X
V:WCOSE(J'Oqu_(y')dy'E
s SCXGL I

where Q_=-Q > 0 and A and B are constants of integration.
The boundary condition at x = 0 relates B= Au/q/Q_(O) . To
define the boundary condition at x = —d, we must keep in
mind that both p and ¢4 vanish at the rear surface. Then, the
solution that does not blow up at x = —d must satisfy
v'(=d)/v(=d) = uk(y —1)/y [this condition can be easily de-
rived directly from Eq. (10)]. Applying the latter condition to
solution (18) gives, in the limit of large L,

o [ wu
K g

() -ldx=nm n=12.. (19)

Performing integration in the last equation and substituting n
= Np, we determine . Then, the growth rate I =\ kg/u
becomes
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(20)

z=(ol/ﬁBLsm)z+(Ao/5/3Lsm)2_1 1+ﬁf .

(irdpg -1 2

Figure93.20 plotsthe growth ratescal culated for the OMEGA
picket design using Egs. (15) (n = 0, dashed line) and (20)
(solid line). Observe astrong reduction in the growth rate due
to the vorticity oscillations. We want to emphasize here that
Eq. (20) is valid only if condition (17) is not satisfied. It is
possible, however, to steepen the adiabat profile (by introduc-
ing a second picket in the laser pulse, for example), reducing
the minimum scale length L, and increasing the compressed
shell thickness d (the larger adiabat at the ablation front will
lead to adecrease in the shell density). Equation (17) will be
satisfied in this case, and Eq. (15) with n = Ny must be used to
calculate the growth rate. To validate the result of the per-
formed analysis of the convective mode evolution, we carried
out a series of single-mode 2-D ORCHID simulations impos-
ing modulation on the outer surface of the shell. Figure 93.21
shows a plot of the density and vorticity as functions of the
massfor ¢ =300inthe OM EGA picket design (Fig. 93.15). The
dashed linerepresentsthe beginning of accel eration phase, and
the solid line corresponds to the end of the accel eration phase
(the mass is reduced because of the ablation). The vorticity
amplitude has grown by afactor of 2 during the shell accelera-
tion, which is in agreement with Eq. (20) (the acceleration
phase in the OMEGA design lasts for 0.8 ns).

I (ns?)

1

0 ! ! !
100 200 300 400 500

Mode number

TC6122

Figure 93.20
Growth rate of the internal convective mode with (solid line) and without
(dashed line) vorticity oscillation inside the shell.
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Figure 93.21

Mass density and vorticity calculated at the beginning (dashed line) and the
end (solid line) of the acceleration phase.

In conclusion, Fig. 93.20 suggests that there is no signifi-
cant amplification of the outer-surface distortions due to the
convective instability (the growth factor isless than 3 for the
entire mode spectrum). One needs to take the results of the
present analysis with great caution. We did not address the
guestion of how theinternal mode can affect the growth of the
RT modes. This issue will be studied in future work. Our
simulations, however, indicate that even if such coupling
exists, it does not significantly modify the RT growth for the
designs described in Fig. 93.15. The conclusions could be
different for other shaped-adiabat designs.

4. Multimode Results

The analysis performed in Subsections 1-3 gives an esti-
mate for only the single-mode growth factors experienced by
the perturbations during the implosion. To make a conclusion
about the shell integrity for aparticul ar target design, one must
carry out multimode calculations, taking into account the
realistic spectra of the surface roughness and the laser-inten-
sity nonuniformity. Stability analyses of the direct-drive cryo-
genic targets reported in the past!#1° reveal that the laser
imprint is the dominant source for a potential shell breakup
during theaccel eration phase. To study the effect of the adiabat
shaping ontheshell integrity, we performed aset of multimode
ORCHID simulations. First, we discuss the simulation results
for the OMEGA cryogenic targets (dimensions are shown in
Fig. 93.15) driven by the standard and picket pulses. A single-
beam laser nonuniformity spectrum is evaluated for a static
DPP (distributed phase plate) speckle. Then, an overlap of 12
OMEGA beams and two polarizations at any spot on the
capsule are assumed. The effect of the two-dimensional SSD
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(smoothing by spectral dispersion) beam-smoothing tech-
nique?® ismodeled by employing a“flipping” approximation:
the sign of the laser perturbation is randomly chosen every
correlationtimet., where t. =|Av sin(k6/2)] _1, Jisthespeckle
size (6= 2.35 um for the OMEGA), Av =1 THz is the laser
bandwidth, and k is the perturbation wave number. Averaged
over time T, the single-beam rms nonuniformity o for a
constant-intensity laser pulsedecaysintimeas o ~ 0g/tc/T.
Because of a finite maximum angular spread A6 of the light
propagating through the laser, the averaged mode amplitude
cannot be reduced to the levels below the asymptotic limit.
This limit is inversely proportional to the square root of the
number of statistically independent speckle patterns

Ngar (4) = (4St)r(1ax /A)(4S¥1ax /A )

where A isthe nonuniformity wavelength, Sfr(](axw = FAGX(y) is
the maximum spatial shift in the x(y) direction, F =180 cmis
thefocal length, and A6* = 50 prad and AGY = 100 prad for the
OMEGA laser system. The asymptotic limits are modeled in
the flipping approximation by selecting only Ng indepen-
dent choices for the sign of the nonuniformity amplitude.
Snapshots of the shell isodensity contoursfor the standard and

R (um)

R (um)

TC6124

the picket designs are shown in Figs. 93.22(a) and 93.22(b),
respectively. Theshell hasmoved the samedistance (~100 um)
in both designs. The plotsreveal adramatic reductionin shell

Figure 93.22
Isodensity contours of the (@) standard and (b) picket OMEGA o = 3 designs.

At the time shown on the plots, the shell has moved 100 um in both designs.
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Figure 93.23
Mode spectra for the standard (solid line) and picket (dashed line) OMEGA a
shown on Fig. 93.22(b).

= 3 designs (@) at the beginning of acceleration phase and (b) at the time
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nonuniformity inthe picket design. Weal so emphasizethat the
picket reduces not only the perturbation growth rates but also
thelaser imprint.2’ Figure 93.23(a) plotsthe mode spectrum at
the beginning of the acceleration phase for both designs. As
shown in the plot, the picket reducesthe initial amplitudes by
afactor of 2.5 to 3 for the modes with ¢ > 50. Comparing the
mode amplitudes for the picket and standard designs at the
time shown in Fig. 93.22 [see Fig. 93.23(b)], we observe that
the separation between the two spectral lines is clearly in-
creased (amplitudes in the picket designs are smaller by a
factor of 10 for ¢ > 50), indicating a slower RT growth in the
picket design. A reduction in the growth of thelow-/ modesis
also noticeable. Thisis due to the ablation effectsin afinite-
thickness shell (for details see Ref. 28). The numerical simu-
lationsof the NI F cryogenic target design show asimilar trend:
shell nonuniformities are highly reduced in the picket design
comparedtothestandard design. Although detailed multimode
simulations including all the nonuniformity sources (surface
roughness, laser imprint, and power imbalance) are still in
progress, a preliminary analysis reported in this article indi-
cates a substantial improvement in the shell uniformity by
using laser-induced adiabat shaping.

Picket Pulse Experiments

Totest the effect of the adiabat shaping on the performance
of theimploding shells, aseries of experiments!® were carried
out on the OMEGA laser system. The experiments were
performed on 33-um thick, 905-um-diam, Do-filled polysty-
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rene shells, filled to a pressure of 3 and 15 atm. Two pulse
shapes[Fig. 93.24(a)] were used to compressthe shellswith a
low adiabat (a = 2) at the fuel/pusher interface. The standard
pulse hasal-TW, 700-ps-long foot followed by themain pul se
with apeak power of 20 TW. The picket design has a narrow,
100-ps-FWHM (full width at half maximum) Gaussian picket
combined with the main drive pulse described above. The
adiabat in the standard pulse varies from 2 to 2.5; the adiabat
at the ablation front in the picket design wasraised to 4. There
was also an increase in the adiabat at the rear surface in the
picket design. Analysis performed using the stability post-
processor28 indicated that the shell in the standard design was
broken due to the perturbation growth, while the shell in the
picket design remained intact during the shell implosion. The
experimental resultsaresummarizedin Fig. 93.24(b). Theplot
compares the experimental yield against the 1-D LILAC pre-
diction. Observethat the predicted yieldsfor the picket design
were slightly reduced for both fill pressures, while the experi-
mental yields grew by afactor of 2.5 for the 15-atm fill and by
afactor of 2 for the 3-atm fill. The ratio of the experimental
yield to the predicted 1-D yield grew from 4% to 18% for the
15-atmfill and from 3%to 15% for the 3-atmfill. A significant
improvementinneutronyieldsindicatesabetter stability of the
implosion shells when a picket was added to the drive laser
pulse. A detailed analysis has revealed, however, that the
radiation transport in CH shellsleadsto an additional shaping
of the shell adiabat. The effect of such additional shaping will
be addressed in future work.

(b)
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Figure 93.24

(a) Experimental laser pulses for the standard (dashed line) and picket (solid line) a = 2, 33-um-CH-shell target designs. (b) Neutron yield for the standard
and picket pulses as predicted by the 1-D code LILAC (open circles) and obtained in the experiments (solid circles).
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