Analysis of a Direct-Drive I gnition Capsule Designed
for the National Ignition Facility

Introduction

One of the primary missions of the National Ignition Facility®
(NIF) istoachievefusionignition and moderate gain by means
of inertial confinement fusion (ICF). A typical | CF experiment
involvestheimplosion of asmall spherical capsule containing
deuterium-tritium (DT) fuel using high-power laser light. The
energy isabsorbed in athin, outer region of the capsule, which
quickly heatsand abl ates, expanding outward and accel erating
the remainder of the capsule inward, compressing the con-
tained DT fuel to ignition conditions. The implosion can be
tailored to give anumber of assembled fuel configurations of
whichthemost energy efficient?isisobaricwithacentral high-
temperature hot spot surrounding alow-temperature main fuel
layer. The central hot spot initiates the fusion reaction, which
leads to a burn wave propagating into the main fuel layer. For
direct-drive target designs two main effects can prevent the
correct assembly of the fuel: (1) preheat of the fuel® and
(2) hydrodynamic instabilities of the imploding shell .24-6

Hydrodynamic instabilities, and their effects on imploding
| CF capsules, have been the subject of extensive studiesinthe
past.26-11 Nonuniformitiesin the applied drive, coupled with
imperfectionsat thetarget surface, seed Rayleigh-Taylor (RT)
unstable growth at the ablation front. In addition, rarefaction
waves generated at the perturbed inner ice surface, dueto the
breakout of the first shock, return to the ablation region and
contribute to the instability there.12-14 These perturbations
feed through the shell and couple with the existing perturba-
tions on the inner ice surface. This combination serves as the
seedfor RT growth at theice/vapor interfacewhentheicelayer
begins to decelerate around the hot spot.

A good understanding of how the unstabl e growth of pertur-
bations affects target performance (ignition and gain) is re-
quiredtoguidethedevel opment of thel aser andtarget systems’
specifications. Of specific importance is the designation of
parameters dealing with the alowable levels of roughness at
both the outer and inner surfaces of the capsule, the alowable
[imit on laser power imbalance and beam mistiming, and the
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amount of bandwidth requirements for single-beam unifor-
mity. A consistent scaling that includes the net effect of all of
these mechanisms acting together is developed. Such a
“nonuniformity budget” adds flexibility in the design of the
laser and target systems, all owing trade-offsto bemadeamong
the four sources of nonuniformity.

This article will first examine briefly the current direct-
drive point design3615 for the NIF. Using one-dimensional
1-D LILAC6 results, we show that the capsul edesignisrobust.
Next weexaminethescaling of target gainintermsof aspectral
ensembl e of the rms surface roughness of theinner ice surface
(o) at theend of the accel eration phase of theimplosion. The
scaling of gain with &, developed using the results of many
two-dimensional (2-D) ORCHID!/ simulations, allowsfor the
definition of aglobal nonuniformity budget that can ascertain
therelativesignificanceof thedifferent nonuniformity sources
in reducing capsule performance. In addition, the modeling of
each of thefour perturbation mechanismsisdiscussed. Overall
target gainresultsare eval uated, and the scaling of the physical
specification being modeled (e.g., outer-surface roughness)
with & is established. We a'so discuss the physica mecha-
nisms that determine why target gain scaleswith . Finally,
we construct an overall nonuniformity budget for NIF sys-
tems, using the combined effects of each of the four perturba-
tion mechanisms.

Point Direct-Drive Target Design for NIF

The base-line direct-drive designs for NIF employ a solid
(cryogenic) DT-shell target with a thin polymer ablator (re-
quiredtofabricatethecryogenic shell) surroundingthe DT-ice
shell.315 Thedesignsuseshock preheat to control theisentrope
of the ablation surface and the fuel. Variation in the isentrope
(a =1to4,whereaistheratio of thefuel pressuretothe Fermi-
degenerate pressure) is achieved by varying theincident laser
pulse shape. Based on the results of current OMEGA experi-
ments and theoretical calculations of these NIF designs, we
have selected the 1.5-MJ, a = 3 design to be the point design
for further study.
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The point design has been shown? to be robust to several
design uncertainties including control of laser pulse shape,
material equation-of-state modeling, operating temperature,
and the effects of hot electrons produced by laser—plasma
instabilities (LPI). Figure 84.7(a) shows the target specifica-
tion; Fig. 84.7(b) shows the pulse shape for this design. The
DT-ice thickness and adiabat of the implosion determine the
intensity and duration of the foot. In this design, the foot is
4.25 ns long at a power of 10 TW. This region launches a
10-Mbar shock through the DT ice. At the time of shock
breakout at the rear surface of the DT ice, the pulse ramps up
tothedriveregion, whichlastsfor 2.5 nsat apower of 450 TW.
This rapid rise in intensity generates pressures of approxi-
mately 80 Mbar and thus accelerates the DT ice inward. The
a =3 designis predicted, by 1-D calculations, to have again
of 45, a neutron-averaged ion temperature of 30 keV, and a
peak fuel pR = 1.3 g/cm?. The peak in-flight aspect ratio
(IFAR) of thisdesign is 60, and the hot-spot convergenceratio
is29.
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The base-line, a = 3, “al-DT,” 1.5-MJtarget design. (a) The target specifi-
cation and (b) the pulse shape.

M odeling Sour ces of Nonunifor mities

During thefoot pulse, the laser intensity is constant and the
ablation front travels at constant velocity. While no RT un-
stable growth is present during this time, perturbations could
still grow due to the presence of power imbalance, outer-
surface roughness [Ritchmyer—Meshkov (RM)-like instabil-
ity]18 and laser nonuniformity (laser imprint).18-20 | ater,
when the laser intensity ramps up to drive conditions, the
ablation front startsto accel erate, producing conditionsfor RT
growth that amplify the target nonuniformities seeded during
the foot pulse. Establishing the relative importance of each
source of nonuniformity requires that atime in the implosion
at which all sources complete their contribution to the total
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nonuniformity beidentified. Since perturbations due to power
imbalance grow through the whole laser pulse, laser imprint
and RM growth occur only during the foot pulse, and the
feedout brings perturbation to the unstable ablation front
during the main pulse, the best choice is at the end of the
accel eration phase. At thistimetheice/vapor surface perturba-
tions decouple from the now-stable ablation surface. To con-
struct ascaling of gain versus mode spectrum at the ice/vapor
surface( @), 2-D ORCHID burn cal cul ationswerecompiled to
examine the effects of various, initialy applied, ice/vapor-
interface perturbation spectra (¢ = 2-50) on target gain. It was
found that thetarget gain can bewell represented intermsof an
effectivenonuniformity ( & ) that givesareduced weight tothe
low-order modes (¢ < 10):

o= \/0-06 OFc10+ 079 1)

where o§<10 is the sum-in-quadrature of all modes of
nonuniformity with ¢ <10and a§>9 isthe corresponding sum
for ¢ > 9. Results of this scaling, shown in Fig. 84.8, indicate
that the gain threshold for point design occurs at a value of
o =25.
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Figure 84.8

Thereduction in target gain is drawn as a function of an ensemble of modal
amplitudestaken at theice/vapor interface at the end of theaccel eration phase
of the implosion.

From Eg. (1), it can be seen that the high-order modes can
be significantly more damaging to capsule gain than that due
to the low-order modes. The small ¢ weighting of the low-
order modesisjust areflection of two effects. First, ashasbeen
shown in several single-mode studies,?122 capsule gain is far
moretolerant of levelsof low-order modesthan the high-order
modes. Secondly, during the decel eration phase of the implo-
sion, low-order modes experience less growth than the high
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¢ modes.2324 During the acceleration phase at the ablation
front, the development of the high-order modes, seeded from
the laser imprint, feedout from the inner ice surface, and the
outer-surfaceroughness, iscritical in determining theintegrity
and survivability of the shell. Dueto lateral smoothing, how-
ever, the high-order modes do not feed through efficiently to
the inner ice surface. The result is that the low-order modes
tend to dominate the inner ice roughness at the end of the
acceleration phase.®

These results help construct 2-D simulations of the four
main perturbation mechanisms: laser imprint, power imbal-
ance, and inner- and outer-target-surface roughness. Each of
thefour mechanismswasstudiedindependently to eval uatethe
sensitivity of gain to variations in the laser and target system
specifications. Applying the ¢ scaling to the results allows a
nonuniformity budget for NIF to be determined. By establish-
ing aglobal budget intermsof ¢, itispossibleto evaluatethe
contribution of each sourceto the problem asawhole, provid-
ing insight into the mission-critical nonuniformities, and giv-
ing direction for trade-offs between the various sources of
nonuniformity. A discussion of the modeling, sample numeri-
cal results, and how gain scaleswith ¢ for each perturbation
mechanism follows.

1. Power Balance

Theterm“ power balance” can beappliedto awiderange of
temporal, beam-to-beam intensity differences, arising from
laser amplifier saturation, beam mistiming, variationsin fre-
guency conversion (angular or polarization tuning), and/or the
transport of the UV energy to the target. The effects of power
imbalance on the applied irradiation are model ed by determin-
ing the on-target power variations between the beams due to
their propagation through the laser system. Each beam devel-
opsauniquetemporal power history, whichisusedto calculate
the irradiation nonuniformity on-target over the entire implo-
sion. Many NIF laser power histories were calculated by
Jones? and supplied to the authors.

Further modeling uses 1-D LILAC density and temperature
profiles and a 2-D laser absorption routine from ORCHID to
determine the absorbed energy at the critical surface for a
single beam. This absorption profile is scaled for each beam
and, using the orientation of the beam, mapped onto a sphere
representing the critical surface of thetarget. All 192 beamlets
of the NIF system are mapped to 48 unique positions on the
sphere. The resulting spherical intensity distributions are
then decomposed for each time and used as input to 2-D
ORCHID simulations.
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Two series of 2-D ORCHID runs were completed using
each of the NIF power histories. The first series used the
calculated power imbalance as supplied by Jones, 2> while the
second series artificially doubled the power imbalance to
determine ignition thresholds. In addition, further runs were
compiled to assess the effects of beam mistiming for each
series. A contour plot of mass density at stagnation from a
typical power imbalance ORCHID simulation, illustrated in
Fig. 84.9, clearly shows the presence of low-order modes
distorting the core region. Compiling the results of these
simulations, showninFig. 84.10, illustratesthe degradation of
yield with increasing on-target nonuniformities and beam-to-
beam mistiming. The target gain is shown plotted against the
on-target rmsperturbation. Thebase-lineNIF requirementsfor
power balanceand beam mistiming havebeen given as8%rms
beam-to-beam and 30-ps rms beam-to-beam, respectively.26
The reduction in gain for these requirements is low (~10%).
Theresultsareal so plotted against their calculated valuesof o
in Fig. 84.10(b). A & value of ~0.85 corresponds to the NIF
reguirements for power imbalance.
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Figure 84.9

Core disruption due to NIF specifications of power imbalance and beam
mistiming isdominated by low-order modesbut haslittleeffect ontarget gain.

2. lcelVapor Surface Roughness

Since there is uncertainty in the initial ice spectrum, 2-D
ORCHID simulations were completed assuming an initial
prescription for the spectral behavior and amplitude of the
roughness of the form a = ag//P. Variationsin Band total gy
were examined from 0 to 1.5 and 0.5 to 12 um, respectively.
These simul ations assumed smooth outer surfaces and perfect
laser illumination. Figure 84.11 shows an example where the
initial surfaceroughnessof theice/vapor interfacewas 3.8-um
rms (2.0-um rms summed over modes 10 to 50) with 3=0.75.
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Figure 84.11(a) illustrates the density contours of the implod-
ing shell at stagnation. Perturbations at the ablation front are
clearly visible. Comparing the roughness spectrum ice/vapor
interface at the end of the acceleration phase with that of the
initial spectrum, illustrated in Fig. 84.11(b), it can be seen to
haveincreased in magnitude and steepened to ahigher order of
B. These results are typical of the behavior of the inner ice
perturbations. They can be attributed to the unique process of
feeding out to the abl ation surface, undergoing RT growth, and
then feeding back into the original surface. The low modes
dominatewith the highmodesbeing filtered by | ateral smooth-
ing while traversing the ice layer.

The results from this series of 2-D ORCHID runs are
compiledinFig. 84.12. In Fig. 84.12(a), the behavior of target
gain is drawn as a function of the rms of just the low-order
modes (¢ = 2-10). These curves indicate that while the low-
order modes are dominant, the high-order modes, as the ap-
plied spectraflatten, cannot beignored. However, Fig. 84.12(b)
shows the gain can be well represented by the behavior of &,
regardless of the applied spectrum.

3. Outer-Surface Roughness
The direct-drive point design has traditionally been called
the“al-DT” design, whichisamisnomer. The DT-ice capsule
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Results from ORCHID simulation indicate target gain depends strongly on the development of the low-order modes. (a) Density contours drawn at the time of
stagnation. Note that the gain for this target was reduced from 45 to ~2. (b) Spectra of ice/vapor interface at the beginning and end of the implosion. Note the

concentration of power in the low-order modes at stagnation.
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isactually fabricated within athin (1- to 2-um) plastic micro-
balloon, which serves, albeit for ashort time, asan ablator. The
density mismatch at the CH/DT interface canlead to additional
perturbation growth at the ablation front. Indeed, when the
shock reaches the interface, it produces a transmitted shock
into the DT and areflected rarefaction wave that moves back
out toward the ablation surface. After the rarefaction wave
breaks out at the ablation front, thelatter startsto accelerate at
a~ (pCH - pDT)/(pd), where p and d are initial density and
thickness of CH layer, and p©H and pPT are the post-shock
pressuresin CH and DT, respectively. The accel eration occurs
for atimeinterval At,.. ~ d/cg (until the compression waveis
generated at the ablation front), where cgis the sound speed of
the compressed ablator material. During the acceleration, the
ablation surface is RT unstable, and perturbationsin the front
grow by afactor exsz;ql kaAtgccj ~ exp(e«/@ ) wherethe coef-
ficient € depends onthe shock strength. Furthermore, sincethe
ablation front isrippled, the rarefaction wave breaks out first
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at thefront’svalleysandthen at the peaks. Thus, thereisadelay
At,,, between accel erating the peaksand valleys of the abl ation
front. This delay creates an additional velocity perturbation
ov=alt,,. The RT growth and dvincrease the kinetic energy
of thefront ripple, leading to ahigher perturbation amplitude.
SincetheRT growth factor increaseswith the ablator thickness
d, minimizing the perturbation growth during the foot pulse
reguires the minimum thickness of the ablator layer.

Modeling the effects of these perturbations on indirect-
drive target performance’~19 hasled to an outer-surface spec-
trum that is considered by target fabrication groups to be the
“NIF standard.” A series of 2-D ORCHID simulations were
compiled using the NI F standard asabase-linelevel of surface
roughness (o = ~115 nm). The power spectrum of the non-
uniformity wasthen doubled and quadrupled to determinethe
resultant ice/vapor surfacedistortion at theend of theaccelera-
tion phase. As can be seen in Fig. 84.13, the effect of these
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levelsof surfaceroughnesson theice/vapor interface hasbeen
minimal. While the density contours show a ~4-um per-
turbation at the ablation surface, the inner-ice-surface layer
shows no appreciable disruption. After analysis, thermsvalue
of theresultant spectrumresultsinavalue of o ~0.15. These
results are consistent with Goncharov’s analytic model18:27
and indicate that the gain of the direct-drive point design is
insensitive to outer-surface roughness below our calculations
of ~250 nm. These results indicate that, if given the NIF
standard roughness, the outer surface of the direct-drive point
design will not contribute significantly to the globa non-
uniformity budget.

4. Laser Imprint

The last, and possibly most important, source of nonuni-
formity for the direct-drive point design is the imprinting of
variations in the laser-beam profile onto the surface of the
capsule. Our understanding of imprint is based on both
theory18:20 and experiment.1928 These studies have shown
that, without any temporal smoothing of laser profiles, im-
printed perturbations will lead to shell failure during the
implosion. Smoothing of individual laser profiles is a major
issuefor direct drive. Thedirect-drivedesign for NIF includes
thecombined application of adistributed phaseplate (DPP),29:30
polarization smoothing,3! and smoothing by spectral disper-
sion (SSD)32 within each of its 192 beams.

In modeling theirradiation nonuniformity, the single-beam
DPP spectrum33 (modes 2 to 200) is modified for the 40-beam
overlap and the use of polarization smoothing. Theapplication
of SSD produces statistically independent speckle patterns
every At =t, where t; =:I/[AV sin(kn5/2)] isthe correlation
time (Avisthelaser bandwidth, nisthenumber of color cycles,
and ¢ is the speckle size, which is 7 um for NIF). The NIF
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specification for smoothing has been given as 1-THz band-
widthandtwo color cycles. Inthecaseof theconstant-intensity
foot pulse, thisreducesthetime-averaged laser nonuniformity
by afactor (tc/(t)), where (t) is the averaging time. The
longest wavelength that can be smoothed by SSD is deter-
mined by the maximum angular spread A8 of the light propa-
gating through the laser.3* Using A8 = 100 prad and a laser
focal length F = 700 cm, SSD can smooth spherical-harmonic
modes down to /. = 15. To model theseintensity variations,
a series of ORCHID simulations were compiled, randomly
changing the sign of the individual laser mode amplitudes
every At =t.. Thelaser power historiesfor theserunswerethen
averaged givingasmoothing rate similar to that of SSD, which
was then applied to a single simulation.

Calculations for the effect of laser imprint have been per-
formed to determine the ice/vapor distortion at the end of the
acceleration phase of the implosion. Comparing the density
contours of two separate implosions of the same shell, driven
under different imprint scenarios, illustrates the need for this
level of smoothing. The majority of ORCHID simulations
below were performed with one color cycle to determine the
minimal level of smoothing. Figure 84.14 shows the density
contours for two implosions of the same shell using (a) no
bandwidth and (b) 1-THz bandwidth (one color cycle). The
calculated values of @, compiled from a series of ORCHID
simulations, can be used to project thetarget gain asafunction
of applied bandwidth as shown in Fig. 84.15. From this graph
it can be seen that deploying 1-THz bandwidth at one color
cycle results in a 30% reduction in gain. For the same band-
width higher uniformity can be achieved in the spectral range
of interest by increasing the number of color cycles3:35
(usually achieved by increasing the SSD modul ator frequency).
An additional ORCHID simulation, employing 1 THz and two
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Figure 84.14

Theneed for highlevelsof bandwidth and
multiplecolor cyclesisevident when com-
paring density contours for two implo-
sions of the same shell, applying (&) no
bandwidth or (b) 1-THz bandwidth (one
color cycle).
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color cycles, was analyzed, and the result is plotted as the
single annotated point in Fig. 84.15. It can be seen that either
doubling the bandwidth or deploying two color cycles would
recover almost the full design gain for the capsule. The NIF
specifications, 1-THz bandwidth with two color cycles, corre-
spondto a g value of 1.0.
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Figure 84.15

Projected target gain, using o scaling, drawn as a function of the applied
laser bandwidth for the direct-drive NIF point design capsule

Gain Reduction

There are three distinct regionsin the behavior of the gain
asafunctionof o . Thefirst extendsfrom ¢ equal to zero out
to about to 1, the second from 1 out to about 2.5, and the third
for o above 2.5. While the first and third regions are easily
explained by minimal effect of small perturbationson gainin
the first region and total ignition failure in the third, aconsis-
tent argument to connect the two regions while explaining the
middle ground can be found by examining the sequence of
events leading to high gain in an unperturbed implosion.

It iswell known that the main precursor to ignition is the
incoming shell motion providing PdV work to the hot spot. As
the shell moves in and heats the hot spot, it also provides the
necessary pR, enabling efficient absorption of a-particle en-
ergy.2 The combination of these two must exceed any losses
duetothermal conduction and radiationtransport out of the hot
spot. If done correctly, ignition occurs and aburn wave begins
to move out into the cold fuel shell. Itisat thispoint, however,
that the disposition of the shell re-enters the problem. As the
burn wave moves out into theice layer, it exerts atremendous
pressure ontheshell. InICFtargetsit istypically the hydrody-
namic expansion of theignited fuel that quenches the burn.23
If, however, the shell still retains some of its original radial
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kinetic energy, the inward momentum of the shell acts as a
tamper to increase the pR of the fuel while preventing the burn
wave from decompressing the shell prematurely.

Levedahl and Lindl®® have shown how excess kinetic
energy in the shell, abovethat required for ignition, leadsto a
higher burn-up fraction. Their results show that the burn-up
fraction can be drawn as afunction of adimensionless param-
eter that equals 1 for NIF capsules that marginally achieve
ignition. Astheretained kinetic energy intheshell isincreased,
the burn-up fraction climbs sharply until leveling off for
kinetic energies in excess of 2 to 4 times the ignition energy.
The sharp increase in burn-up fraction is referred to as the
“ignition cliff” and indicates that NIF capsules need 1 to 2
times the kinetic energy above that which is required for
ignitionto achieve high gain. Theratio of excessradial kinetic
energy to the maximum in-flight radial kinetic energy of the
shell isreferred to as“implosion margin” or simply “margin.”
To achieve burn-up fractions above 10% requires margins
above 30%. The margin for the direct-drive point design is
40%, which results in a burn-up fraction of ~15%. The point
design delivers a gain of 45, which is directly related to the
burn-up fraction. The gain threshold (G = 1) for this target
is roughly 1.1 times the ignition energy or a margin of
roughly 10%.

Marginisdirectly related tothehydrodynamic stagnation of
the incoming shell, and typically only the pressure associated
with an ignited burn wave can force the shell off its normal
trajectory. If, for amoment, we examine the point design with
thermonuclear burn turned off, we can see, as shown in
Fig. 84.16, that the stagnating shell can lose almost half of its
radial kinetic energy or margin for every 100 pstraveled. Asa
result, there exists a critical timing involving the onset of
ignition and the decreasing margin in the shell. If ignition is
delayed beyond the time at which the point design would
normally ignite (t = 0 in Fig. 84.16), the shell’s margin drops
andthefinal gainisdiminished. If ignitionisdelayedtoolong,
the shell will stagnate, the PdV work will cease, and the
implosion will fail. Recalling that the margin for the gain
thresholdisroughly 10%, the high-gainwindow for thistarget,
asshown in Fig. 84.16, is ~120 ps.

Oneof therolesof increasing perturbations at theice/vapor
interfaceisto delay theonset of ignition. Aswaspointed out by
Levedahl and Lindl37 and Kishony,22 one can view increasing
perturbation amplitudes as being an equivalent reduction in
implosion velocity. The increased surface area and perturbed
volume of the hot spot allow for an increase in the thermal
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conduction losses and a decrease in the absorbed energy
density of a particles within the hot spot. To reach ignition
requires that the hot spot be driven to a higher pR to recoup
these losses. A high-gain shell, by our definition, still has
excess kinetic energy to complete the task; however, this
delaysignition and depletes the shell of valuable margin. The
results of ORCHID simulations clearly show, as displayed in
Fig.84.17(a), howincreasing & affectsignitiontimingandthe
margin of the implosion. The point design resides in alinear,
albeit steep, region of theignition cliff. One should then expect
alinear response of the burn-up fraction (i.e., gain) to changes
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Figure 84.16

Shell stagnation determinesthe margin trajectory, which, inturn, definesthe
window for high gain.

inimplosion margin. Suchalinear behaviorisclearly indicated
inFig. 84.17(b), wherethe cal culated gainsfrom the ORCHID
simulationsaredrawn asafunction of their calculated margin.
The argument of increasing shell nonuniformities effectively
depleting the shell margin explainsthe performance of targets
giving intermediate gains for intermediate values of & .

Uniformity Budget for NIF

A global nonuniformity budget for the direct-drive point
design on NIF can now be constructed interms of o . If each
of the four sources of nonuniformity acts independently, then
the total effect can be measured by adding the individual 's
in quadrature o, . Figure 84.18 displays the dependence of &
for each of the four main sources as a function of their
individual laser and target specifications. Specification values
have been scaled to reflect auniversal multiplier that servesas
the y axis. The sum-in-quadrature value o; = 1.4 for this
system (using current NI F specificationswithtwo col or cycles)
is plotted as the solid dot on the inset graph of gain versus o
and represents a capsule gain of dlightly greater than 30. The
largest contributor can be seen to be the effects of laser non-
uniformity. Whilethe on-target power imbalance also makesa
strong contribution, the effects due to the roughness of theice/
vapor interface are manageabl e and those due to outer-surface
roughnessareof noreal consequence. If theNIF specifications
of two color cycles are not achieved and only one color cycle
is used, then the combined 0} increases from 1.4 to 1.75, as
seen in Fig. 84.10. The resultant target gain drops from 30 to
20. At onecolor cycle, thegain could be brought back to 30 by

@ (b)
80 | | T T ™1 50 50 T T T T
. 40 - .
&
2 < 30 n
o S
= £ B @
= = O F _
g s
- 10 M N
0 | | | |
00 05 10 15 20 25 0 10 20 30 40 50
= I 0,
Tessus o (um) Margin (%)
Figure 84.17

ORCHID simulationsindicatethat hot-spot ignitionisdel ayed asice/vapor interface perturbationsincrease. (a) Increasing shell perturbations( o ) acttoincrease
ignitiondelay (). Thisdelay causestheburnwaveto sampleashell with decreased margin (m). (b) Capsulegain dependsstrongly ontheshell marginatignition.
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doubling the bandwidth, but this has been precluded by the
efficiency of the frequency-tripling crystals. The achievement
of two color cyclesis consistent with current-day technology,
but propagation issues through the laser chain must still be
examined. At the two-color-cyclelevel, even higher gainscan
be achieved with improvementsin power-balance technol ogy.

Sum-in-quadrature

N
o
T
1

Two color ©
cycles ~

o (um)

Current NIF
specifications

O 1
0.0 0.5 1.0 15 20

Multiplier

TC5577

Figure 84.18

ORCHID results can be used to scale the target gain with & to formaglobal
nonuniformity budget for the direct-design point design. The y axis scales
to the parameters: SSD bandwidth, one color cycle (0, x 1 THz); SSD
bandwidth, two color cycles (e, x 1 THz); on-target power imbalance (=,
x 2% rms); inner iceroughness (¢, x 1 um rms); and outer-surface roughness
(a, x 80 nm).

Conclusions

Capsulegain can bedirectly related to the kinetic energy of
the incoming shell that isin excess of the energy required to
achieveignition. Whenrelated to the peak kinetic energy of the
implosion, thisexcesskinetic energy can becast intermsof an
implosion margin. Shell margin, prior to ignition, depends
only onthetemporal stagnation of the shell. Assuch, highgain
requires the onset of ignition to coincide with significant
(~40%) retained shell margin. Our analysis indicates that
increasing perturbationsin the incoming shell delay the onset
of ignition within the hot spot. During this delay, the shell
continuesto stagnate and lose valuable margin. Whenignition
does occur, the burn wave samples the depleted shell margin
allowing the high ignition pressure to decompress the main
fuel layer prematurely, which leads to reduced gain. If the
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perturbations of theincoming shell delay ignitiontoo long, the
shell will stagnate, the PdV work will cease, and theimplosion
will fail.

The two-dimensional hydrodynamics code ORCHID has
been used to examinethetarget performance of the NI F direct-
drive point design driven under the influence of the four main
sourcesof nonuniformity: laser imprint, power imbalance, and
inner- and outer-target-surface roughness. Results from these
studies indicate that capsule gain can be scaled to the rms
spectrum of theice/vapor surface deformation at theend of the
acceleration stage of the implosion. Applying this scaling
showsthat NIF direct-drive point design performanceis most
sensitive to the effects of SSD smoothing, followed by power
imbalance, inner-ice-surface roughness, and outer-surface
roughness. A globa nonuniformity budget was constructed
using the scaling of a varied set of ORCHID simulations to
evaluate the net effect of all nonuniformities acting together.
This budget indicates that, if laser smoothing, power imbal-
ance, and both inner- and outer-surface roughness stay within
the limits specified by NIF direct-drive requirements, the
capsule shell remains intact during the implosion and the
implosion resultsin G ~ 30.
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