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We present our current predictions for the gain of hydrodynamically-scaled, indirect-drive,
inertial-confinement-fusion (ICF) targets. We discuss the formulation of gain curves and some
kev physical processes that enter the predictions. To predict the performance of future ICF
targets. we have constructed a scaling model that contains a few of the most basic features of
ICT target operation and parametrizes the possible effects of other complex target processes.
We assessed the values and uncertainties of the model parameters through detailed calculations
and estimates of the underlying target physics processes and extrapolations of current data. We
present Monte Carlo calculations that determine the propagation of the estimated uncertainties
to the “high-gain ICF” regime. We find that remaining target physics and design issues lead
to large uncertainties in target gain predictions. We discuss present and (hypothetical) future
experimental constraints on the theoretical models and discuss the resulting gain predictions

and uncertainties. (SRD)

I. INTRODUCTION

For some applications of inertial confinement fusion
(ICF). the target gain curve represents the “bottom line”
for predicting target performance. We are interested in
determining the minimum driver requirements for achiev-
ing gain in the laboratory. As the field of ICF has
matured, more and more details are known about the
underlying physical processes that determine the gain
curve, and larger amounts of relevant data exist. In this
paper we present a new methodology developed for com-
bining the relevant information from many sources, and
we determine. based on current knowledge, the location
and uncertainty in the target gain curve.

In order to understand the uncertainties involved in
predicting the performance of future ICF targets, we have
constructed a model that contains a few of the most basic
features of ICF target operation and mocks up the pos-
sible effects of other complex target processes via simple
parametrizations. In the interest of simplicity and ac-
curacy, the gain curve mode] is a framework that can
mcorporate state-of-the-art knowledge from a variety of
sources. A schematic of the model is shown in Fig. 1.
Throughout this work we use “target” to denote a spher-
ical, thermonuclear “capsule” driven by x-rays contained
in a laser-heated ~hohlraum.” The target gain 1s fac-
tored into a capsule gamn and an overall hohlraum effi-
ciency. Definitions of the capsule and target gain, and of

the hohlraum coupling efficiency are as shown. We as-
sumed that the hohiraum would be optimized to meet
the capsule drive requirements with negligible capsule
degradation. That is, the hohiraum will incur what-
ever efficiency penalty is necessary to meet the drive
requirements of a highly optimized hydrodynamically-
scaled capsule (HSC). We note that different target
design approaches are possible that trade off capsule per-
formance against improved hohlraum efficiency and that
these options remain to be explored.

For this entire study, we focus our attention on
hydrodynamically-scaled targets (HSTs). We define the
HST both conceptually and more technically. Concep-
tually, an HST is an ICF single-shell, radiation-driven
capsule (the HSC) plus the hohlraum that converts laser
light into drive x-rays. The HSC is a capsule design class
that operates in a particular qualitative mode: the HSC,
when hyvdrodynamically scaled to typical ICF drive ener-
gies (say, 3-10 MJ), must ignite and produce high gain.
More technically, an HST, as used here, is a single-shell,
low-Z. precision-pulse-shaped capsule, imploded spher-
ically to obtain a central hot spot (sometimes called
an “ignitor’) and a low-entropy main fuel and pusher
region,'-? together with the hohlraum® that provides the
drive x-rays to the capsule with the spectrum, time de-
pendence, and symmetry required to achieve optimum
capsule performance. When referring to just the scaled
capsule, we denote it as HSC. Most of the HSC design
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Fig. 1.

calculations presented here assume a foam/cryogenic-DT
ablator/pusher with cryogenic DT fuel. A few HSC de-
signs with beryllium ablators and cryogenic DT fuel were
tried, and these showed performance and behavior simi-
lar to the foam designs.

Perhaps a brief historical digression will help to ex-
plain the value of the HST concept. Early ICF target
experiments were performed using simple targets that
shock and preheat the DT fuel to high entropy. The cap-
sules that operate most clearly in this mode are called
“exploding pushers.” Typically, the fuel in such capsules
1s driven to pressures (at a given density) that exceed
the Fermi degenerate value by a factor of 100 or more.
Recently, so-called “intermediate density” and “high den-
sity” targets use somewhat modified capsule designs and
pulse shapes to achieve what might be called “swelling-
pusher” implosions, compressing the fuel at pressures of
10 to 30 times degenerate. None of these (non-HSC) cap-
sule types scales hydrodynamically to achieve high gain
at a reasonable laboratory driver energy, since the energy
required to compress high-entropy DT is too great.
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Performance of an ICF indirect-drive target can be factored into two major blocks.

Prior to this work; and partly for historical, pro-
grammatic reasons, gain curves and data collections
mixed these various target types. At the lowest driver en-
ergies, exploding pusher data points were plotted, since
this capsule type takes advantage of high fuel tempera-
tures to achieve relatively high yields (though low gains)
without stringent driver requirements. As the program
progressed to the higher drive energies of Livermore’s
Argus, Shiva, and Nova lasers, target designs and exper-
iments shifted to intermediate- and high-density targets,
so these data were plotted. At higher energies, which
are considered goals for laboratory-driven high-gain ICF,
predictions were plotted for the high-gain designs, includ- _
ing_the class referred to here as HSTs. | :
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We have refined an old concept (due to J. Lindl and
J. Nuckolls, ca. 1975), the “Hydrodynamically Equiva-
lent Target,” and invented a name that accurately de-
scribes the restricted class of targets and capsules we
define. Thus, we arrived at the conceptual definition
given above. Now, we plot a new, more qualitatively con-
sistent gain curve that represents the single target class
called HSTs. When we include non-HST data points,
we explicitly so note, and we plot our best estimates of
the implications of those data for HSTs. The low and
high ends of this scaling curve can then presumably be
investigated on the basis of existing or future data. This
somewhat reduces the problem of interpolation, making
the process more quantitative rather than qualitative.

Another way of viewing this process is that we wish
to separate issues associated with qualitative operating
modes from quantitative scaling issues. This should per-
mit predictions, interpolations, and extrapolations to be
made in a conceptually-clearer framework. It should
also permit evaluation of near-term experiments to de-
termuine more clearly their impact on future high-gain
ICF targets. These are the conceptual advantages of the
HST/HSC concept.

We close the historical perspective with a note in-
tended to avoid conceptual traps for the future. It
is possible, because of the quantitative scaling issues,
that low- and high-energy HSTs might behave differ-
ently just because some of the target or capsule physical
processes have scaled through different regimes. Thus,
in spite of narrowing the class to qualitatively-similar,
hydrodynamically-scaled designs, it is still possible that
low-energy HSTs could fail while high-energy HSTs could
work more-or-less as calculated, or vice versa. Thus,
1t remains a matter of great importance to maintain a
clear conceptual and physical understanding of the scal-
ings and underlying physical processes involved. Until
a high-gain ICF target is fully tested and proven, data
and scaling knowledge alone cannot completely replace
detailed target physics understanding.

The ICF target physics data base is diverse and
has varying relevance to predicting the performance of
HSTs. We have handled this diversity by using the infor-
mation available in a hierarchically-weighted scheme, as
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_would be relied on most heavily.

indicated in Fig. 2. Actual optimized-HST data points

Prhus, extrapolate

Mm weight and represent the most heavily-

weighted feature of available data. We considered the
experimental and analysis uncertainties and the quali-
tative and quantitative features of the extrapolation to
determine an effective uncertainty in predictions at op-
timum HST conditions. At the next lower priority are
clean-1D (no-mix) LASNEX® calculations, followed by
calculations using developmental models. LASNEX cal-
culations have an implicit but important role in the en-
tire process by providing the prototype of an HST, which
serves as a conceptual goal and yardstick for evaluating
the relevance of all data. Extrapolations of data to HST
conditions are also evaluated based upon LASNEX cal-
culations performed to analyze the experimental data.
Inevitably, we must invoke intuition and judgment to
meld available information and to make up for missing
information. The framework developed here makes such
exertions of judgment obvious, in effect self-consistently
quantifying the impact of missing knowledge on the gain
curve. Because of the necessity to exercise considerable
judgment, much of the discussion below is more properly
thought as a rationale rather than a closed-form calcu-
lation of the gain curve. We have presented a number
{though not all) of the back-of-the-envelope estimates
that are necessary to supply knowledge not available
from other sources. Tliese are obviously uncertain, but
are included to lend some plausibility to the gain curve

Data points (w/ model inference & uncertainty est.)

Extrapolations based on data

Increasing

O LASNEX calculations (optimized) weight

0 A LASNEX calculations w/ partly-tested new models

Fig. 2. “Realistic”

parts of the current ICF target physics data base.

gain curve includes most-relevant
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—Pfie Nova capsuleAdgta point® corresponds to a
medium-convergence, DT-gas-filled, glass-pushered cap-
sule. The glass pusher (p = 2.2 g/cm?®) was 9 um thick
with an inside diameter of 360 pum. The pusher was
coated with a 32-um-thick layer of CH (p = 1 g/cm3).
The DT gas fill was 50 atmospheres (p = 0.01 g/cm?).
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Several tests of this capsule were performed during 1986~
87 in standard “l.0-scale” Nova hohlraums, using flat-
topped, 1-ns pulses (100 ps rise and fall times), at about
18 kJ total laser energy. Hohlraum conditions for these
tests are discussed below. We (and LLNL®) estimate
from LASNEX calculations that the capsule absorbed
about 1.7 £ 0.4 kJ of x-ray drive energy. The measured
yields® from capsules of this configuration were about
4 x 10'° DT neutrons, with a scatter of plus or minus
a factor of about 3. Thls gives a capsule gain of about
8 x 1073,

The calculated and observed convergence ratio® for
this Nova capsule under these drive conditions is about 9.
Our calculations predict that the implosion history for
this capsule shows strong shock preheating of the pusher
and fuel, followed by pusher decompression throughout
much of the implosion, then recompression to achjeve.

s . EX-r15de used to an-
alyze this target s performance the yield observed over
calculated yield (YOC) is in the range of 0.1-1. The
qualitative nature of this implosion is, of course, very
different from that of an HSC.

B. Extrapolations of data to HSC conditions

An area of judgment arises in extrapolating the cap-
sule data to IISC conditions. How much performance im-
provement (or degradation?) should be expected? How
much uncertainty is entailed in the extrapolation? Two
approaches to answering these questions were considered.

mhls basis alone, we can argue that’ pre-
Mns for any capsule of comparable physics and design
sensitivity are best made from optimized calculations by
assuming YOC = 0.5 and taking an uncertainty in gain
of plus or minus about a factor of 2. Similar predictive
uncertainties and degradations are seen in analyzing the
results of low-to-moderate-convergence Nova implosion

‘ >f: an Intrinsic part of the capsule phvs1cs
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experiments.? (Note, however, that Nova capsule experi-

ments show a strong trend toward poorer-than-calculated
performance as the convergence ratio increases, prob,
bly as a result of asymmetric drive and/or mix.)*

-

/This suggests that
stic) first cut at perfor-
mance and uncertainty predictions for HSCs would be to
assume YOC = 0.5 plus or minus a factor of 2.

Second, to refine this estimate, we considered the
question, “What is specifically entailed in extrapolating
from recently-tested capsules to the HSC regime, and
what risks or unknowns are involved in the extrapola-
tion?” The nature of the extrapolation is toward a regime
with (1) greater entropy difference between hot-spot and
main fuel, (2) lower entropy in the main fuel and pusher,

} (3) greater dynamic range and precision of pulse shap-

ing, (4) generally higher convergence ratio (CR), and
(5) somewhat greater in-flight-aspect ratio (IFAR) com-
bined with qualitative and quantitative changes in the
hydrodynamics of the implosion history. We next dis-
cuss each of these main extrapolation areas, in turn.

If extrapolation into regimes of different pellet core
entropies (hence, different temperatures and temperature
gradients), area (1) or (2), were to affect capsule perfor-
mance in the HSC regime, -the physics involved would
probably be preheating, energy transport, and/or
charged-particle coupling. For the purposes of this work,
we assume that preheat control is primarily a matter
of controlling the hohlraum drive physics, and we de-
fer discussion of obtaining the correct pulse shape and
drive spectrum to the hohlraum physics section, below.

Charged-particle coupling, however, we consider to be—-f:

|
}

“Tect of this correction on capsule perfoFmiance is to change
charged-particle coupling and transport coefficients in a
direction that makes ignition more difficult, resulting in
a higher minimum energy requirement to achieve ignition
or in a lower yield at a given driving energy, near igni-
tion. This effect will be quantitatively discussed below in
presenting the developmental model calculations (PCM).
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Data from Nova® suggest that extrapolation to a
higher convergence ratio, area (4), might lead to signifi-
cant degradations in capsule performance. It is difficult
to apply the Nova data to HSC implosions, however, be-
cause the implosion histories are qualitatively very dif-
ferent.

Physics issues arising in connection with extrapola-
tion in IFAR and implosion history, area (5), are at least
as difficult. The issues here are primarily those of fluid
instabilities and mix. A recent overview of the status
of this field is given by Mikaelian.! Although the field
has advanced considerably in recent years, direct exper-
imental data are still scarce, a.nd theoretical modeling
approache,ﬁ_/are disparate,
troversial

-

Fi;. 6. Gain curve for hydrodynamically-scaled cap-

sules.
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One key experimental finding is the apparent de-
pendence of conversion efficiency on illumination unifor- 10°
mity, reporied by Goldstone et al.’® This result has been N
carefully checked by multiple diagnostics and repeated -
experiments and finds some general reinforcement from

L1 1 b

5% 7
experimental results reported elsewhere.'” To this result L LASNEX cale. |\~
. . . TS . (0.25 um, 3x10°" W/em®)
we attribute the following significance: under some irra- - _
diation conditions that might be useful for a megajoule- gfﬁcnency LLNL. Nova, disks & hohlraums
scale hohlraum, x-ray conversions of up to 90% might actor) 1 L ANL/LLE. Omega
be chi bl  Of th’ SRS (Mcp) 10 e 5
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pulse length) increases, and we estimate that the predic-
tion uncertainty increases as we extrapolate away from
the current Nova experimental regime toward larger tar-
get scales. The resulting prediction and its uncertainties
are shown in Fig. 8.

In this analysis, we have neglected two aspects of
LEH design and physics. First, we have not included the
(presently unknown) effect of designing the LEH with
a low-Z liner to keep the aperture open. Calculations
of this approach to date have yielded mixed results. In
principle, a low-Z liner may improve the hole efficiency,
but there is a delicate tradeoff between beneficial and
deleterious effects to be made before the success of this
approach can be assessed. Second, we have assumed that
the effects of uh(: laser entrance hmes on the capsuxe arlve

- ¥ Vbe corr_gj, o A f

B (%) Ki We iave desigirideas that Tight permi ap—?‘ #

cancellatlon of the asymmetry. Pending fur-

&e&g&mnetrv requ1remencs are nown

ther evaluation of this issue. we have ignored the effect
for this gain curve analysis.

0
10 T e T T
- 4 o 16% -
| Nova -
(LANL est.)
Efficiency |
Factor

M) 101 |- LASNEX (Diff'n) + est. -
HC C (approx.) 3
5 LASNEX (IMC) + est. .
o (approx.) -1

10‘2 | | 1 | |

10 102 10l 100 el 102 10°
Laser Drive Energy (MJ)

Fig. 8. Hole-closure efficiency factor (ngc).
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C. Plasma filling and drive asymmetry

The main function of the hohlraum in an x-ray-
driven target is to provide a drive flux at the capsule that

. meets the spectral, temporal, and spatial requirements to

obtain near-optimum capsule-implosion performance. In
this section, we consider the energy penalty associated
with producing adequate spatial uniformity of the drive
flux. This is a complicated issue, since the capsule’s tol-
erance to flux asymmetries varies throughout the drive
pulse,? and the symmetry produced by the hohlraum is
affected by motion of the hohlraum wall during the laser
pulse (filling).

The task is further complicated because exa __w

»

»x

|

s i . | . . e
e shall ignore uncertainties in

The capsule symmetry requirements in this analysis, an

assumption that neglects some real uncertainty. Better
treatment of this area may be possible in the future. It
will be seen from the arguments below that considerable
uncertainty arises in considering the hohlraum processes
themselves, so perhaps the ignored uncertainty in the
capsule tolerances is not important.

Here, as in the case of hole closure, the basic trade-
offs of hohlraum design are clear. The hohlraum must
satisfy two intrinsically conflicting requirements: (1) to
provide the needed drive pulse time-dependence, spec-
trum, and symmetry, consistent with good HSC implo-
sion performance and (2) to do so with the maximum
efficiency. For a given laser pulse shape, as the initial
hohlraum size is- made larger, the hohlraum becomes
more cffective at smoothing drive asymmetries. Con-
versely, as the hohlraum size chosen becomes smaller,
the efficiency of delivering drive energy to the capsule
becomes higher. Thus, in the simplest view, there is an
optimum hohlraum size. We define the “symmetriza-
tion efficiency” of the hohlraum to be the radiation
energy absorbed by the capsule (the x-ray drive en-
ergy) divided by the total x-ray energy available in the
hohlraum. The hohlraum efficiency is dominantly de-
termined by the wall loss incurred to produce adequate
drive flux uniformity, which depends in turn upon the
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geometry and x-ray albedos of the case and capsule. Just
as in the instance of entrance hole closure, this simple
view can be further complicated in some cases by ef-
fects of laser-plasma interactions in the plasma within
the hohlraum, discussed below. In this section, we ig-
nore the possible effects of plasma instabilities.

Recent HST hohlraum design calculations® have in-
dicated greater motion of the laser absorption and x-ray
emission regions than had been anticipated from earlier
design calculations. The cause is similar to the hole-
closure effect: low-density, large-scalelength blowoff of
high-Z material prematurely absorbs the laser light at
a moving location, far from the initial hohlraum wall.§
This motion of the absorption region leads to similar
motion of the x-ray conversion or source region, lead-
ing to time-dependent drive asymmetries. Lindl?! pro-
poses that a low-Z liner may be needed to reduce such
motion of the emission region, in order to reduce the
time-shifting, drive-flux asymmetry at the capsule. Our
hohlraum calculations® indicate that the concept has
merit. However, at early times, the low-Z liner reduces
the hohlraum wall albedo, making it more difficult to
achieve good drive symmetry. Again, this design trade-
off requires evaluation of delicate trade-offs of physical
effects.

Our assessment of the hohlraum symmetry and fill-
ing data base follows a course somewhat parallel to that
of hole closure. Here, too, we have Nova data at 1-ns
pulse length, as interpreted by current LASNEX hohl-
raum modeling. We have LASNEX predictions of 1- to
10-MJ-scale HST hohlraum conditions. As in the case
of liole closure, the LASNEX calculations contain known
approximations and have clear inadequacies. For exam-
ple, the hohlraum calculations have to be set up to pre-
vent plasma motion near the laser entrance aperture in
order to prevent numerical difficulties. This approxima-
tion at least has the benefit of helping to prevent double
counting of premature absorption between hohlraum fill-
ing and hole-closure effects. Next, we discuss each of
these data-base elements and our use of them in deter-
mining an HST hohlraum efficiency prediction.

The Nova hohlraum data base can be understood
fairly quantitatively using LASNEX modeling. Suter
et al. at LLNL have a multistep calculational model that
appears to account adequately for most features of the
Nova hohlraum drive conditions.® Magelssen et al. at
Los Alamos have developed a particular one-step mod-
eling technique using LASNEX that results in similar
predictions for current Nova hohlraums.? Both models
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predict similar drive conditions, and both are generally
consistent with available measurements within experi-
mental uncertainties. The calculated hohlraum efficiency
at Nova scale is about 22%, with significant (factor of
plus-or-minus about 1.5) uncertainties because the infer-
ence is dependent upon unfolding via fairly crude calcu-
lations, and direct measurements are not available. The
calculated time-averaged drive nonuniformity is about
5-10% peak-to-valley.

To scale the Nova data to HST conditions at
20-kJ laser energies, we make the following estimates.
We estimate that a 20-kJ HSC would require an overall
pulse length of 10-30 ns, with a main-pulse duration of
1-2 ns. We scale the required hohlraum size to account
for (1) the longer laser pulse and (2) the need to achieve
a factor of about 3 to 5 better drive symmetry. We esti-
mate that the laser spot motion will increase by a factor
of 3 to 5, increasing the effective source asymmetry by at
least that same factor. With the source nonuniformity up
by a factor of 3-5 and the required drive symmetry down
by the same amount, it is necessary to achieve a factor
of at least 10 improved smoothing. Using Haan’s simple
radiation smoothing model,?? we estimate that this can
be achieved for an | = 4 mode by increasing the case-
to-capsule-radius ratio from about 3 to about 4.5. This,
in turn, will decrease the hohlraum efficiency by a fac-
tor of about 2. Thus, we estimate a nominal hohlraum
symmetrization efficiency of about 10% for 20-kJ HSC
conditions. The uncertainties of this estimate are large
(say, a factor of 1.5) and have been added in quadrature
with the (factor of 1.5) uncertainty inferred for the cur-
rent Nova conditions, yielding an overall uncertainty of
plus-or-minus a factor of about 2.

To guide us at 1- and 10-MJ scales, we performed
LASNEX point design calculations, including the effects
of a (non-optimized) low-Z liner.3 The calculations pre-
dict slightly higher symmetrization efficiencies at larger
scales. This increase occurs as a result of gradually in-

creasing pulse duration at higher drive energies (7 ~
EL/3 . . .

%
o f

¢ calculations shown may not be optimum for hohl-
raum symmetry, so there is upside potential; but the
design at present does not rigorously meet the drive sym-
metry requirements of the capsule, so there is downside
risk.
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We use current LASNEX calculations to estimate
actual plasma sizes at Nova and megajoule-laser scales.
Our calculations suggest that a 10-MJ HST will con-
tain about 1 ¢m of plasma and that the plasma scale-
length may be 10 times the plasma size, but with possible
short-scalelength substructure, depending upon target
design details. If the plasma traversed by the laser is
high-Z, i.e., the hohlraum is unlined and the capsule
blowoff does not impinge on the laser propagation path,
we calculate that the plasma temperature could be in
the range of 5-10 keV. If the plasma is low-Z, either as
a result of a low-Z liner or of capsule blowoff, we calcu-
late temperatures a little lower, say 3-5 keV. In either
case, large regions of density about 0.1 times the critical
density are likely.

We estimate the hot-electron tolerance of the tar-
get using typical capsule and hohlraum design calcula-
tions and a simple hot-electron deposition model. We
assume a typical hot-electron temperature, 40 keV. Our
hot-electron transport and deposition model is similar to
that used by Rosen et al.25 We account for a Maxwellian
hot-electron distribution, simple case and capsule mate-
rials and geometry, and hot-electron ranges and albedos,
and compute the energy deposition in the pusher-fuel
layers of the capsule. We estimate the tolerance to hot
electrons to be the fraction of the laser energy that, when
converted into a 40-keV electron distribution, would de-
posit an energy density in the pusher and fuel that equals
the Fermi degenerate energy density. Our calculations
agree with the examples reported by Rosen et al. To
apply the model to our current “10-MJ” HST design,

which actually requires about 20 MJ of laser energy and

delivers about 2 MJ to the capsule, we use the following
relevant information: case-to-capsule-radius ratio equal
to 5, capsule initial radius of 4 mm, and ablator pr of
0.032 g/cm®. The 40-keV-hot-electron temperature is
about the worst case for penetrating the ablator. We
calculate a hot-electron tolerance of 3-5%, i.e., a max-
imum of 1 MJ into 40 keV hot electrons out of 20 MJ
incident.

Finally, to estimate how strong the LPIs are likely
to be, we make threshold estimates for the key processes
under the calculated conditions in current and megajoule-
scale target designs. A survey of LPI thresholds sug-
gests that SRS is probably the worst-case source for hot
electrons under HST conditions. We estimate from SRS
backscatter thresholds that the current Nova hohlraum
conditions would not be expected to produce significant
hot-electron fractions, because of the short density scale-
lengths, a finding consistent with the Nova hot-electron
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data.2* Next we discuss our estimates for two interesting
laser examples at about 10 MJ scale.

First, we considered a target illuminated by light
with the projected properties of a KrF laser: 0.25-
um wavelength, bandwidth of about 0.5%, adequately
smooth beams to limit the seeding of self-focusing and fil-
amentation, and continuous pulse shape, consistent with
keeping the laser intensity at about 10'® W/cm? in the
laser entrance aperture and below 4 x 104 at the hohl-
raum wall. Taking the broad range of conditions likely
to be encountered by the laser beam in a hohlraum, as-
suming an infinite, homogeneous medium and assuming
that the laser encounters low-Z (Z = 4) plasma, either
from the capsule blowoff or from a case liner, we obtain
intensity thresholds for SRS backscatter in the range of
3 to 10 x 10'* W/cm?. With specific consideration of
the high-intensity regions near the laser entrance hole,
taking into account the interactions of many incoherent,
overlapping beams, incident from a wide range of angles,
our estimates suggest that the effective SRS threshold
should be about 10'® W/cm?. The actual intensities, in
the absence of self-focusing or filamentation, should be
near or below threshold. Thus, it appears likely that
hot-electron production due to SRS would be at modest
levels (probably below 3-5%) under these target and ir-
radiation conditions.

Second, we consider a similar target irradiated by
a scaled-up Nd:glass laser. We assume the following
laser properties (comparable with the current state of the
art): 0.35-um wavelength, bandwidth of about 0.1%, low
beam quality (4:1 peak-to-valley intensity fluctuations
on spatial scales of 10-100 pm), and delivery of picket-
fence pulses with restricted dynamic range (say 40:1,
peak:foot). Picket-fence pulses would produce intensi-
ties much higher at early times than continuous pulses.
Self-focusing and filamentation could occur during one or
more of the later pickets.?® Average intensity during the
main pulse would probably be about 2 times higher than
for continuous pulses. Local peak intensities during the
main pulse could also be a factor of 2 to 4 above the av-
erage, due to laser bcam nonuniformities. Self-focusing
and/or filamentation during the main pulse could raise
peak intensities by an additional factor of 10 or more.?”
The narrower bandwidth and longer wavelength lead to
SRS backscatter thresholds as low as 1-3 x 10'3 W/cm?.
Thus, under these conditions, our prediction is that SRS
backscatter thresholds will be exceeded by large amounts,
leading to hot-electron production at levels potentially
exceeding 5%. Modifications of the laser capabilities may
be possible, but short of such laser design improvements,
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we estimate that a significant energy penalty, perhaps a
laser energy requirement increased by a factor of 2 to 4,
would be incurred in redesigning the target to operate
under these irradiation conditions.

Thus, we find that the assumption of broad band-
width, together with the control of peak intensities in
the target (using smooth beams and continuous pulse
shaping), produces conditions that are unlikely to gener-
ate significant hot-electron fluxes below megajoule tar-
get scales. However, at megajoule drive energies or
above, SRS backscatter is above applicable thresholds in
a low-Z-lined HST, unless optimum driver conditions are
achieved, i.e., broad bandwidth (0.5%), short wavelength
(0.25 pm), smooth beams (say 1.2:1 peak-to-valley), and
continuous drive pulses. Under these conditions, there
appears to be only moderate risk that hot electrons would
preheat the capsule significantly. The maximum target
degradation that would be expected under the most fa-
vorable irradiation conditions is such that an increase in
laser energy (with target redesign, e.g., a larger hohlraum
and/or a thicker capsule ablator) by a factor of 2 should
compensate for the performance degradation. We have
heuristically combined the various estimates and calcula-
tions for the KrF case into the probability band indicated
in Fig. 10.
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Fig. 10. Efficiency factor (1p;) estimated to account

for effects of laser-plasma instabilities, for the case with
0.5% band-width and smoothed 0.25-um beams (KrF).
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Perhaps more important than the specific prediction
we have made here are these facts encountered in con-
structing the prediction:

- Closed-form prediction of LPI behavior in megajoule
HSTs is not possible,

— If the laser beams interact with low-Z plasma, either
at the entrance aperture or in the hohlraum volume,
many LPIs will be far above threshold for a narrow-
bandwidth laser at expected intensities, and

— Short wavelength, broad bandwidth, smooth beams,
and continuous pulse shapes can reduce the risks
and/or effects of LPIs on target performance sig-
nificantly.

We believe these findings are unlikely to be funda-
mentally changed by experiments and theory based on
existing facilities. The predictions need to be tested by
constructing and applying a large laser facility to driving
HSTs at megajoule- (near-ignition-) scale.

We note that, since the “efficiency” factor resulting
from the effects of laser-plasma instabilities (LPIs) is not
truly an efficiency, limiting this factor to 1.0 is not mo-
tivated by energy conservation. Instead, this limit arises
from the fact that no one has demonstrated, by either
estimates or detailed calculations, a significant perfor-
mance improvement due to the effects of LPIs!

E. Overall hohlraum efficiency

Our hohlraum efficiency scaling model (see Ap-
pendix A) allows us to independently set each of the
four eificiency parameters and their uncertainties to fit
the values motivated above. The resulting product of
the four factors is shown in Fig. 11. We can perform a
final “test of reasonableness” by comparing the overall
efficiency result to state-of-the-art LASNEX predictions
for hohlraums, adjusted separately by estimates for the
physics not taken into account by LASNEX. The open
circles show the resulting cross-check at 1- and 10-MJ
laser energies.

We can also apply our best scaling estimates to
existing short-pulse Nova hohlraum data to estimate a
hohlraum efficiency prediction for HSTs at 20-kJ laser
energy. We extrapolated the Nova data assuming that
the driving pulse would have to be increased by a fac-
tor of 3 to 30 from current 1-3 ns experiments and that
the driving flux asymmetry would have to be reduced
from the currently-inferred levels®® of 5-10% by a factor
of 2 to 3. With those assumptions, we estimate that
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hohlraum coupling efficiency for a 20-kJ HST would
probably be in the range of 3-9%. We note, however,
that realization of such a target on Nova would be a
formidable technical challenge, even if feasible.

Iv. QVERALL MODEL PREDICTIONS

A. Target gain prediction
for the current data base

We have completed our discussion of the target
physics data-base inputs to our target gain model. In
this section, we show the results obtained using Monte
Carlo calculations to enumerate and summarize the re-
sulting family of possible outcomes. The procedure from
here forward is a brute-force calculation of the propaga-
tion of uncertainties, together with a capability for asking
what effects certain hypothetical data constraints would
hiave on the resulting gain-curve predictions.

We assume, in performing the composite prediction,
that the parameters and uncertainties embedded in each
aspect of the model represent independent degrees of free-
dom; i.e., they represent possible outcomes for each of
the processes modeled, without significant correlations
among the process outcomes.# Note that if such correla-
tions did exist, the result could be either a narrowing or a
broadening of the error bars, depending on the details of
the correlation. In the absence of strong correlations, we
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Fig. 12. The constrained Monte Carlo calculation com-
bines parameter values and uncertainties to obtain gain
curve probabilities.

will obtain a reasonable estimate of the probability dis-
tribution of target gain predictions, within the context
set by our input assumptions.

As an example of the resulting family of target gain
curves, Fig. 12 shows 50 sample curves. We find no cases
among those examined that lie outside the limits that
could be expected, given our capsule gain and efficiency
assumptions.

The final target gain prediction is shown in Fig. 13.
Recall that the assumptions made in constructing this
gain curve assumed KrF laser light, or equivalent. The
contours show the probability that target gain will exceed
the plotted value. For example, we predict a 50% prob-
ability of exceeding a target gain of about 8 for 10-MJ
drive energy.

The gain distribution shown in Fig. 13 was obtained
by computing a distribution function for 3200 indepen-
dent Monte Carlo cases. The numerical uncertainty
in the prediction is less than 2%, completely negligible
compared with the uncertainties due to the physics in-
puts. As a final check, we have hand-estimated the cross-
hatched band shown for a 20-kJ-scale HST. It agrees well
with the results of the Monte Carlo calculation.

We have performed a number of numerical checks,
some of which are presented in Table II. These tests show
that 3200 Monte Carlo events are adequate to yield low

s
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(N
Fig. 13. Predicted gain curve for hydrodynamically-
scaled targets has large uncertainties that result from

remaining target physics issues.

statistical errors. Also, they show that changing the cut-
off of the gaussian probability distribution functions from
lo to 3o leads to only moderate changes in the pre-
dicted gain curve. The largest change here is a narrow-
ing of the uncertainty contours and a slight shift in the
median gain value (1.6 times higher at 10 MJ), if the
parameter excursions are all limited to 1o. We also find
that the contours shift only moderately when the shape of
the distribution function is changed by simultaneously in-
creasing o and decreasing the tail cut-off in compensating
manner. These tests indicate that the median of the gain
curve prediction is fairly independent of the exact shape
and cut-off of the probability distribution functions. The
tests also indicate. as they should, that changes in the
width of the distribution functions, while maintaining
fixed shape, do strongly alter the width of the com-
posite prediction. e assume, without testing, that
systematic. large skewing of the individual distribution
functions would produce a change in the median gain.
However, we currently see no mechanism that would pro-
duce significant skewing, beyond the small skews already
discussed in connection with limiting the efficiency fac-
tors to 1. an effect we believe to be physical.

At first, one may be surprised by the size of the over-
all predicted uncertainty and the low target gain values
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that lie on the “most probable” (or 50%-probability) con-
tour. Let us try to reach a global understanding of the
meaning of this result.

First, let us observe that the uncertainty is large
because it is the combination of many substantial uncer-

' tainties in the individual target physics processes. The

magnitude of the uncertainty can be semiquantitatively
obtained from hand estimates based on the physics in-
puts. Others may, of course, argue with the individual
physics inputs or assumptions of the framework. Repo-
sitioning the curve’s most probable (central) position
would require only an appropriate change of one of the
physics and design assumptions. However, to reduce the
uncertainties, specific evidence must be developed to re-
strict the range of possible target physics scenarios.
Second, we note that the most probable gain curve is
influenced primarily by two sets of assumptions: (1) that
the optimized 1D-clean LASNEX capsule yields are the

highest obtainable, and (2) the individual most proba-

ble hohlraum efficiency factors. Given these assumptions
and the limitation of efficiency factors to a maximum of
100%, the target gain is reduced by one-half of the pre-
dicted uncertainty, compared with the optimistic LAS-
NEX calculation. Thus, if the target physics data base
is improved in a way that reduces uncertainties without
lowering the predicted optimum performance, the most
probable gain prediction will increase.

Third, we ask whether the model assumptions pro-
duce any obvious, unjustifiable bias. We answered this
question to our own satisfaction in two ways. First,
as noted above, we constructed the model to provide a
framework that is as rigorous and consistent as possi-
ble. For areas where we necessarily invoked judgment, we
listed and discussed with others the assumptions we con-
sidered potentially “optimistic” and those we considered
potentially “pessimistic.” From our viewpoint, these lists
appeared to represent, qualitatively, about equal risks
of over- or under-prediction. Second, we examined the
results of the Monte Carlo calculations using estimates
based on error propagation theory, and were able to ver-
ify vode functionality. For the cases presented here in
Figs. 7-11, the efficiency clipping at 100% does produce
about a 30% downward shift of the median overall cou-
pling efficiency. This shift is not produced by loss of
high-efficiency events, since we retained all events, but
rather by the slight magnitude imbalance between events
above and below the median when the clipping occurs.
That this result is at least approximately correct can be
seen by testing the code where clipping does not occur,
and by examining the extent to which the distribution
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TABLE II. Summary of numerical test cases.?

Independent Variable Values Gain at Probability =
Run No. ncas SigCut WMul 0.95 0.90 0.84 0.50 0.16 0.10 0.05

279 800 2 1 0.004 0.017 0.070 6.14 32.8 43.3 75.6
280 1600 2 1 0.006 0.023 0.093 6.14 32.8 43.3 75.6
281 3200 2 1 0.004 0.023 0.070 6.14 32.8 43.3 75.6
287 6400 2 1 0.004 0.023 0.093 6.14 32.8 43.3 75.6
283 3200 3 1 0.002 0.013 0.070 6.14 32.8 43.3 75.6
285 3200 1.5 1 0.02 0.093 0.38 8.11 32.8 43.3 97.2
286 3200 1 1 0.22 0.87 2.0 10.7 24.8 32.8 43.3
289 3200 1 2 0.001 0.006 0.023 4.64 32.8 57.2 75.6
291 3200 2 2 9%10~8 3x10~4 0.001 2.00 32.8 57.2 100

293 3200 2 2 3x10~4 0.003 0.017 6.14 32.8 57.2 75.6

“The independent variables were ncas, the number of Monte Carlo'vectors generated; SigCut, the cutoff in units of sigma for
the event generator; and WMul, a multiplier on the nominal probability distribution function widths (applied to all sub-
model sigmas). Tabulated results are the gain values for 10-MJ laser drive energy at the probability contours of 0.95 to
0.05. We consider run 281 as the “reference case.” Varying ncas (runs 279-281) checks the statistical error in the results.
Varying SigMul (compare runs 281, 283, 285-286), we explored the effects of the probability function tails. Comparing
runs with constant SigCut X WMul allows exploring the sensitivity of the calculation to the shape of the distribution
function while holding the physical cutoff of the distribution functions fixed (compare runs 281, 289). Flattening the dis-
tribution function out to the 1-sigma limit broadens the gain curve uncertainty band. Using WMul alone (run 291—all
model parameters; run 293—efficiency factors only) shows the dependence of the results on changes in all the individual
processes’ uncertainties (this dependence should be fairly strong).

function clipping could be expected to shift the median
in the “realistic” case. On the basis of these tests and
checks, we conclude that the results contain no obvious,
unphysical bias.

To aid in interpreting this gain curve, an example
may be useful. Suppose that one wishes to obtain a tar-
get yield of greater than 100 MJ, with a confidence level
of about 85%. How large a laser should one construct,
given the current uncertainty in the gain curve? Trac-
ing the 100-MJ yield line to where it intercepts the 84%
probability contour, we find that the laser should supply
about 60 MJ to the target. With this as a guide, different
tradeoffs among yield, tolerable risk level, and driver size
can be considered.

B. Effects of successful future
experiments on gain curve

Using the framework provided by this model, we can
examine the effects of hypothetical future experiments
on the target gain curve. One can intuitively expect that
further knowledge (or constraints) added to the data base
will both reduce the uncertainty band (unless the exper-
iments are inconsistent with the existing data base!) and
shift the most probable predicted gain. We shall discuss
three specific examples (scenarios) here.

The first scenario, shown in Fig. 14, shows the ef-
fect on the gain curve of performing “successful” HST
target experiments using hypothetical 100-kJ and 1-MJ
laser facilities. The left-hand panel shows the gain curve
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is"section with a third scemarto-that-can
be read directly from the results of Fig. 14: a high-risk
LMF example. Suppose one declared the LMF to be a
“research facility” and accepted only a 50% probability of
achieving yield 100 MJ. With the current data base and
the favorable beam properties expected for a KrF laser
(left panel of Fig. 14), one could decide to build a 10-MJ
facility. We note that this is likely to be a “high-end”
research facility, so its cost-benefit levels would have to
be carefully evaluated. ’

V. CONCLUSIONS

We have developed a new methodology for making
quantitative predictions of future HST experiments. We
used a model framework that separates target physics
into independent processes, then parametrizes those pro-
cesses using the best available data and calculations. The
procedure allows a physics-data-based prediction of HST
gain curves and their associated uncertainty.

This conceptual framework provides the most
carefully constructed, conceptually consistent ICF gain
curve to date. Nonetheless, the conceptual clarity of
the framework has revealed areas where specific answers
to important questions can at present be obtained only
by using simple estimates and quite a bit of judgment.
These missing pieces of information lead to arguable as-
sumptions that can be tested only by future advances in
theory, design, and experiment. For now, these areas of
missing knowledge show up quantitatively as uncertainty
in the gain curve prediction.

We evaluated the available target physics data base
and set the model parameters accordingly. In the pro-
cess, we highlighted areas of greatest uncertainty: cap-
sule gain near the ignition cliff, hohlraum energy penalty
incurred to obtain the required drive symmetry, and be-
havior of laser-plasma instabilities at megajoule target
scale. Other processes such as x-ray conversion and hole
closure contribute lesser, though significant, uncertain-
ties. We found that the use of a low-Z liner is desirable
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for control of laser spot motion and drive asymmetries
(filling), but that this increases the likelihood of serious
LPIs. Estimates indicate that the risks of degradation

| due to LPIs are significant, unless one uses a laser driver

that can produce 0.25-um light with broad-bandwidth
(0.5%), smooth beams, and continuous, wide-dynamic-
range pulse shapes.

We found that the current capsule physics data base
leads to about a factor of plus or minus 3 uncertainty
in the energy location of the ignition cliff. We found
that hohlraum processes exhibit somewhat greater over-
all uncertainty, increasing the uncertainty at the target
ignition cliff to about plus or minus a factor of 5 to 6 in
laser energy.

The large uncertainties of the current data base
imply that achieving the LMF-defined goal of 100-MJ
yield with 90% confidence level using a KrF laser fa-
cility would currently require construction of a 60-MJ
facility. This energy requirement could easily be a fac-
tor of 2-4 (or more) higher using the current laser
capabilities of Nd:glass. We found that extending the
target physics data base with successful HST experi-
ments could substantially reduce the required laser size
to achieve a given gain/confidence performance level. For
example, success with a 1-MJ HST experiment could re-

_duce the required-facility.energy.t0.10. MJ for this case~—y

.

ot

[Such exper-

“inents would, therefore, help to determine ICF feasibility

at lower cost than a leap to the LMF under the current
high-risk or high-energy scenarios:

Having completed the present work, one immedi-
ately recognizes a number of refinements that could im-
prove its rigor. Some examples have already arisen:
quantitative treatment of extrapolation uncertainties,
possibly by defining a weighted extrapolation metric;
better form and tighter rationale for the laser-plasma-
instability scaling function; and perhaps a more exten-
sive breakdown of the target physics processes, combined
with extensive sensitivity studies to estimate uncertain-
ties as function of drive energy. We suspect that repair-
ing these inadequacies is unlikely to change the overall
conclusions of this work. The highest leverage we see to
reduce uncertainties is moving experiments toward the
desired parameter regime for HSTs, testing theories and
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calculation further, and adding firm constraints at higher
laser/target energies.

APPENDIX A: DETAILS OF THE MODEL

The overall gain curve model has been described in
the main text, and a schematic of the model and its
basic notation are shown in Fig. 1. This appendix
presents details of the capsule gain model and the hohl-
raum efficiency model and some specific notes on the
fitting procedure used in constructing the gain curve
prediction.

A. Capsule gain modei

The capsule gain model is a function of six ad-
Justable parameters that simulates the scaling behavior
of ICF capsules. The model, shown schematically in
Fig. Al, has been constructed to fit the results of de-
tailed LASNEX design calculations for HSCs. The cap-
sule gain space is divided into three regions: pre-ignition
{PI), bootstrapping (B), and high gain (HG). The boot-
strapping region is further subdivided into halves for
numerical convenience. The capsule gain function is con-
structed piecewise, as discussed below.

The pre-ignition regime is defined to extend from the
smallest HSCs up to the “ignition capsule gain” Gy n, at
which bootstrapping (alpha self-heating of the fuel) be-
gins. In the pre-ignition regime, the capsule gain is given
by

GPI (ECapa) = GoeXP'[OPI In (ECapa/ECO)] y (Al)

where E¢qp, is the radiation energy absorbed by the cap-
sule, ap; is the logarithmic slope of the gain curve in the
pre-ignition regime, and Gg is the capsule gain at ab-
sorbed energy Ecy.

The bootstrapping region begins when the capsule
gain predicted by Eq. (A1) reaches G4,. This defines an
ignition capsule drive energy, Ej4,, obtained by solving
Eq. (A1) with Gp; (E14n) = Gign. The bootstrapping
region itself has two equal-width subregions in capsule
absorbed energy space. The lower bootstrapping region
extends from E14n to a central energy,

EH(; = Ely,, 102w5 (A2a)

while the upper bootstrapping region extends from Egc
to
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Fig. Al. Capsule gain model schematic. The seven

input parameters are boxed for emphasis. The other
parameters are derived quantities.

Epy = Ep,0 10"2 (A2b)

where W is the e-folding half-width (in decades) of the
bootstrapping region.

In the lower bootstrapping region, the capsule gain
1s given by

Gui (Ecaps) = Gr1 (Ecaps) Hg.5[|+tanh(1‘c)] (A3)

wherc g is the logarithmic full-leight of the bootstrap-
ping or ignition cliff and

zc = [log(Ecaps/Enc)]/Wha.

The gain at the center of the bootstrapping region is then

(A4)

Gac = Gpr (Epc)HE®. (A5)

To obtain an “invisible” transition from the pre-
ignition to the high-gain slope, we place the slope change
at the center of the bootstrapping region. We define a
partial gain at the transition point, Epc, as

G'sc = Goexp[api In(Epc/Eco)).

Then, whenever Ec,ps > Epc, we use the partial gain

(A6a)

GIH(; (ECap.!) = GIBC exp [QH(; ln(ECdpS/EBC)] (A6b)
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where agg is the logarithmic slope in the high-gain re-
gion.

The capsule gain in the upper bootstrapping region
is

(A7)
|

GBU (ECaps) = GIHG Hg.5[1+tanh(::c)]‘

G (ECaps) =

G'sc explopc 10 (Ecaps/Epc) | Hy It H2mhee)]

where zc is given by Eq. (A4). The six adjustable
capsule-model parameters are Gg, apy, Grgn, Wa, Hp,
and agg. Although the model has a seventh parameter
Eco, in actual usage we treated E¢q as a fixed quantity.
We assigned no uncertainty to it and did not adjust it to
perform the fit to the capsule data base. Thus, we refer
to the model as a six-parameter model.

The remainder of the capsule gain model consists of
a Monte Carlo framework. Each parameter in the model
has a corresponding (multiplicative) uncertainty, defined
to be the 1o width of a gaussian distribution function.
We chose the gaussian form for the probability distribu-
tion functions based on the Central Limit Theorem and
our assessment that these parameters are determined by
a system having many degrees of freedom. The Monte
Carlo mechanism is very simple, except for one subtlety
that we incorporated after studying LASNEX-calculated
capsule gain curves.

In analyzing LASNEX calculations of capsule gain
curves computed with different physical models, we dis-
covered that the features of the gain curve can display a
definite correlation. Physical models that lead to higher

gains at low capsule energies (higher Go) generally lead
to

— steeper gain slope in the pre-ignition region (in-
creased apy),

— shift of the ignition point to higher gain, but lower
energy (increased Gygn),

~ steeper bootstrapping cliff (decreased Wg),

— lower bootstrapping cliff-height (decreased Hp), and

- shallower slope in the high gain region (decreased
aHG).
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Goexp [aprIn(Ecaps /Eco) ]Hg's[l"'ta"h(":)]

Finally, in the high gain-region, the capsule gain is

GrG (Ecaps) = Gug (Ecaps) Hp. (A8)

In summary, the capsule gain function can be
written

for Ecaps < E ,
Caps >~ LBC (AQ)
for ECaps 2 EBC )

We do not understand the cause of this correlation. It
might arise as a result of fuel depletion or a shift in overall
implosion timing.

~ We incorporated a correlation mechanism into the
Monte Carlo generator that allowed us to choose the
six random capsule-model variables with some correla-
tion coeflicient. We varied the correlation coeflicient to
test its effect, and found that it had some impact on the
shape of individual gain curves, but very little impact on
the shape of the mean or the uncertainty envelope of the
predicted capsule gain curve. We finally adopted a corre-
lation coeflicient of 0.5, splitting the difference between
complete correlation and no correlation.

B. Hohlraum efficiency model

The hohlraum efficiency model is a factorization
of hohlraum processes that allows independent input of
the values and scalings of individual process efficiencies.
Each process is considered as an energy conversion step.
We chose a particular factorization that separates five
classes of hohlraum processes: (1) useful laser light ab-
sorption (i.e., light absorbed inside the hohlraum where
it is useful for driving the capsule); (2) x-ray conver-
sion; (3) x-ray losses from hohlraum apertures; (4) sym-
metrization and x-ray transport to the capsule; and
(5) laser-plasma instabilities. In practice, (1) and (3)
are very closely related, so we grouped the useful absorp-
tion and x-ray losses into a single process we call “laser
entrance hole (LEH) closure.” Note that laser plasma in-
stabilities affect target performance before they actually .
affect energy transfer efficiency. In this case, we assign
an “efficiency” that represents the energy-cost of design
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modifications that would “fix” target degradations due
to plasma instabilities. The hohlraum efficiency model
contains a total of nine adjustable parameters (plus their
uncertainties).

The overall hohlraum efficiency is then a product of
efficiency factors for each of these process groupings,

NCoup (ET) = nCE(ET) UHC(ET)

nsym(ET) npi(Er) (A10)

All of the process efficiencies except np; were scaled with
the form

n{Er) = nioexp {ai In (Ex/Ep)] {A1l)
where i ranges over the processes (CE, HC, SYM), n;o
is the efficiency at Ep, and «; is the logarithmic slope in
laser (target-incident) energy space, Er. Each efficiency
i1s clipped to a maximum value of 1 to prevent spurious
generation of energy that would violate the First Law of
Thermodynamics. We note that, since the “efficiency”
factor resulting from the effects of laser-plasma instabil-
ities (LPIs) is not truly an efficiency, limiting this factor
to 1.0 is not motivated by energy conservation. Instead,
this limit arises from the fact that no one has demon-
strated, by either estimates or detailed calculations, a
significant performance improvement due to the effects
of LPIs! This accounts for six of the nine adjustable,
hohlraum-model parameters. Each of these six parame-
ters has an associated (additive) uncertainty. The param-
eter £y Is treated as a fixed, non-adjustable parameter
and lias no associated degree of freedom or uncertainty.

The “efficiency” assigned to plasma instabilities was &

scaled differently. The physical motivation for this choice
of scaling is given in the main text. Operationally, we es-
tablished a threshold function exactly analogous to that
used for the capsule gain in the bootstrapping region,

penalty. This may not be physically correct, since scal-
ing the target up in energy above the threshold leads to
complicated scaling of both the plasma processes and the
tolerance of the target to the effects of the plasma pro-
cesses. We lack more detailed knowledge of this scaling,
so we use this simple form, which should be adequate near
the threshold, in any case. This accounts for the final
three adjustable parameters of the hohlraum efficiency
model. For convenience, we define the uncertainties of
these three parameters as multiplicative factors.

The Monte Carlo framework for the hohlraum effi-
ciency model] is very similar to that for the capsule gain
model. Each of the nine parameters has an associated 1o
uncertainty, as described above. Here, we assume that
all the model parameters are independent. In generat-
ing candidate gain curves, each of the nine parameters is
assigned a random value with the appropriate probabil-
ity distribution. The overall coupling efficiency is then
calculated from the individual process efficiencies using
Eq. (A9).

C. Fitting procedure

The inputs to the gain curve model were set by hand
to match the constraints available from the target physics
data base. We present a few details of the fitting proce-
dure here. -

" The capsule gain curve fit was performed-a

+This became a rough target for the
ur of the predicted gain curve. In the region of the
cliff, we used the developmental modeling to estimate
the energy uncertainty in that part of the curve, with a

conservative factor of 2 to all 1 acies O -
" ] b3)

nei(ET) = H(,),',"[H'm"h(”)] , (A12) | | 7¥rom this data, we made esti- —
where ‘ of the capsule gain model parameters. We then
ran @ series of Monte Carlo calculations, typically with
800-1600 gain curve samples each. We iteratively tuned
z7 = [log (Er/Epi0)]/Wpi (A13) the six adjustable capsule model parameters until a good

fit was achieved to the available constraints. The fit ap-
pears to be fairly unique, given the form of the model
and the constraints we used.

The hohlraum efficiency model parameters were sim-
ilarly fit to their respective data constraints. In gen-
eral, Nova hohlraum data established the efficiency values
and uncertainties at the low end of the gain curve. The

/

Thus, we describe the plasma efficiency as a cliff,
controlled by its height Hp, (always less than 1 in this
case), energy width Wp;, and position in energy space
Epiy. At low energies, this gives a plasma process “effi-
ciency” of 1. as is desired to satisfy the physics rationale.
At high energies, this relation gives a constant energy
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scaling slopes were then set to match the predicted per-
formance for 10-MJ HST calculations and estimates. In
general, we estimated that the uncertainties increased
gradually between Nova and the LMF, and we used what-
ever specific criteria we could generate to constrain the
uncertainties at 10 MJ. Uncertainties in the efficiency
slope parameters were chosen to fit the available con-
straints.

The plasma instability efficiency parameters were
adjusted to fit the behavior motivated in the main text.
As indicated in the text, the physical knowledge of
plasma conditions and laser-plasma coupling instability
behavior is not quantitative enough to make the fitting
procedure critical.

The values used as input for each of the model pa-
rameters and the uncertainties are presented in Tables
Al and AlI for the capsule gain and hohlraum efficiency
models, respectively. These values correspond with the

“nominal” (KrF) predictions shown in Figs. 6, 7 11,
and 13.
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Figs. 7-11). For the ’s and «’s, the uncertainty is stated
as an additive term at the 10 level. For the plasma param-
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Parameter Parameter Value Uncertainty
Eq 1x 1073 -
NCE 0.56 0.14
aCE 0.025 0.022
nHC 0.86 0.15
aHC 0.035 0.033
NSym 0.10 0.05
®sym 0.105 0.0625
Epp 1.0 5.0
Wi 0.33 3.0
Hp; 0.9 3.0

Parameter Parameter Value Uncertainty
Eco 1x 10°% -

Go 1x 10°* 6.0

apr 1.9 1.125
Gryn 0.4 4.0

Wg 0.25 3.0

B 25 4.0
ayG 0.2 1.5
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* For consistency, we have defined the entrance aper-
ture to include some of the hohlraum wall surround-
ing the hole, a portion of the wall that is not properly
treated in the hohlraum filling calculations because
of numerical difficulties.

t At the entrance to an actual hohlraum, there would
be premature absorption in the plume extending
outside beyond the LEH, and also in the plasma im-
mediately inside the LEH. The absorption calculated
by LASNEX in the semi-symmetric problem (sym-
metric hydro and radiation physics, with 1/2-transit
by the laser light) is the best approximation avail-
able at present to the sum of these two processes:
This approximation should be good to within a fac-
tor of 2.

§ W. L. Kruer made early estimates (private commu-
nication, 1982) indicating the potential for absorp-
tion of the laser light in low-density plasma in large
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targets, but the impact of the effect on symmetry
was not immediately appreciated.

The exception to the “no-correlation” assumption is
the partial correlation among parameters devised for
the capsule gain model, discussed in more detail in
Appendix A.
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