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The 1990 National Academy of Science final report of its review of the Inertial Confinement Fusion
Program recommended completion of a series of target physics objectives on the 10-beam Nova
laser at the Lawrence Livermore National Laboratory as the highest-priority prerequisite for
proceeding with construction of an ignition-scale laser facility, now called the National Ignition
Facility (NIF). These objectives were chosen to demonstrate that there was sufficient understanding
of the physics of ignition targets that the laser requirements for laboratory ignition could be
accurately specified. This research on Nova, as well as additional research on the Omega laser at the
University of Rochester, is the subject of this review. The objectives of the U.S. indirect-drive target
physics program have been to experimentally demonstrate and predictively model hohlraum
characteristics, as well as capsule performance in targets that have been scaled in key physics
variables from NIF targets. To address the hohlraum and hydrodynamic constraints on indirect-drive
ignition, the target physics program was divided into the Hohlraum and Laser—Plasma Physics
(HLP) program and the Hydrodynamically Equivalent Phy<id&P) program. The HLP program
addresses laser—plasma coupling, x-ray generation and transport, and the development of
energy-efficient hohlraums that provide the appropriate spectral, temporal, and spatial x-ray drive.
The HEP experiments address the issues of hydrodynamic instability and mix, as well as the effects
of flux asymmetry on capsules that are scaled as closely as possible to ignition capsules
(hydrodynamic equivalenge The HEP program also addresses other capsule physics issues
associated with ignition, such as energy gain and energy loss to the fuel during implosion in the
absence of alpha-particle deposition. The results from the Nova and Omega experiments approach
the NIF requirements for most of the important ignition capsule parameters, including drive
temperature, drive symmetry, and hydrodynamic instability. This paper starts with a review of the
NIF target designs that have formed the motivation for the goals of the target physics program.
Following that are theoretical and experimental results from Nova and Omega relevant to the
requirements of those targets. Some elements of this work were covered in a 1995 review of
indirect-drive[J. D. Lindl, “Development of the indirect-drive approach to inertial confinement
fusion and the target physics basis for ignition and gain,” Phys. Plagn3833(1995]. In order

to present as complete a picture as possible of the research that has been carried out on indirect
drive, key elements of that earlier review are also covered here, along with a review of work carried
out since 1995. €2004 American Institute of Physic§DOI: 10.1063/1.1578638
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3. Gasbag experimental results.......... 385 a series of target physics objectives on the Nova laser at
4. Toroidal hohlraums ................... 396 Lawrence Livermore National LaboratoftLNL) as the

5. Scale-1 Nova hohlraums. ............. 399 highest-priority prerequisite for proceeding with construction
6. Crossing-beam energy transfer experiments. 408f an ignition-scale laser facility, now called the National
7. Nonlinear SBS saturation experiments.. 403 Ignition Facility (NIF). The goal of these physics objectives

D. Summary of laser—plasma interactions in was to achieve a sufficient understanding of the physics of
NIF-scale plasmas and future work......... 405 ignition targets that the laser requirements for laboratory ig-

V. HOHLRAUM DRIVE AND COUPLING nition could be accurately specified. This research, as well as

EFFICIENCY. . ... 405 additional research on the Omega laser at the University of

A Theory . ... 405 Rochester, is the subject of this review.

1. Hohlraum drive theory. . ............... 405 As shown in Fig. 1-1, two principal approaches are used
2. Hohlraum coupling efficiency theory.... 408  with lasers to generate the energy flux and pressure required

B. Hohlraum drive experiments.............. 409 to drive an ICF implosion. In the direct-drive approach, the

C. Summary of hohlraum drive and coupling laser beams are aimed directly at the target. The beam energy
efficiency. ........... ..o ool 418 is absorbed by electrons in the target’s outer, low-density

V. HOHLRAUM RADIATION UNIFORMITY ...... 418 corona. Electrons transport that energy to the denser shell
A. Introduction to hohlraum radiation uniformity.. 418 material to drive the ablation and the resulting implosion. In
B. Theory of capsule radiation uniformity in the indirect-drive approach, the laser energy is absorbed and

hohlraums. ........ ... ... ... ... ... . ... 418 converted to x rays by higd-material inside the hohlraum

C. Hohlraum symmetry experiments......... 423 that surrounds the targétindl, 1995; Lindl, 1998.

1. Measurement techniques............. 423 Because of the x-ray conversion and transport step,
2. Time-integrated symmetry control ... ... 433 indirect-drive is less efficient at coupling energy to a capsule
3. Time-dependent symmetry control . . . .. 438 than direct-drive. However, ablation driven by electron con-

D. Summary of hohlraum radiation uniformity duction is generally less efficient and more hydrodynami-
and future work. ..................oLL L 440 cally unstable than ablation driven by x rays. Measures taken

VI. PLANAR AND CONVERGENT RAYLEIGH- to mitigate hydrodynamic instability in direct-drive targets

TAYLOR INSTABILITY . ...l 441 (Bodneret al, 1998 partially offset the efficiency advan-

A. Introduction . .......... ... ... 441 tage. Also, direct-drive targets are very sensitive to intensity

B. Implosion dynamics. ... .................. 441 variations within individual beams. These variations imprint

C. Hydrodynamic instability theory in perturbations on the target that are then amplified by hydro-
indirect-drive ICF implosions.............. 443  dynamic instability. If adequate beam uniformity can be

D. Experimental configuration and measurement achieved, calculations for current target designs indicate that
techniques.................. ... ... 449 direct-drive targets have about the same ignition threshold as

E. Instability experiments in planar geometry.. 452 indirect-drive targets, but they can have about a factor of 2

F. Instability experiments in convergent geometry higher gain than the best indirect-drive-based designs, de-
....................................... 456 pending on the hydrodynamic instability growth that is tol-

G. Summary of planar and convergent RT erable. The NIF will be configured with a beam geometry
instability. . ... oo 458 capable of being used for either direct or indirect-drive.

VIl. IMPLOSION EXPERIMENTS .............. 459 Because of the relaxed beam-quality requirements, as
A. Introduction to implosion experiments. .. . .. 459  compared to direct-drive, and the reduced Rayleigh—Taylor
B. HEP1 experiments: Development of (RT) growth rates, the Nova laser geometry was chosen for

quantitative neutron diagnostics for fued.... 460 indirect-drive.

C. HEP3 experiments: Spectroscopic diagnosis of For indirect-drive, the hohlraum-wall physics and the
pusher—fuel mix in low-growth-factor capsule physics are essentially the same for any x-ray source.
implosions......................o L 462 Because of this, indirect-drive experiments on lasers provide

D. Nova HEP4 experiments: Diagnosis of pusher— much of the target physics basis for heavy ion-driven targets
fuel mix and capsule performance in (Lindl, 1998a; Tabak and Callahan-Miller, 1998uch of
high-growth-factor implosions with what is learned on Nova is also applicable to ICF capsules
convergence€C<<10.................c.iu... 464 that useZ-pinch-driven x-ray sources, such as on thena-

E. Omega HEP4 and HEPS implosions. ... ... 471 chine at Sandia National Laboratorig&&NL) (Hammeret al,,

F. Summary of implosion experiments .. ..... 478  1999.

APPENDIX: THE NOVA TECHNICAL The target physics program for indirect-drive was the

CONTRACT(NTC). ..o 479 outcome of a strategy adopted by the U.S. ICF program in
the late 1970s when the Nova laser was being designed. This

| INTRODUCTION strategy has utilized laboratory tests of the physics of high-

gain targets as well as a series of underground nuclear ex-

The 1990 National Academy of Scien@dAS) final re-  periments[the Halite/Centurion(H/C) Progranj at much
port (NAS Review, 1990 of its review of the Inertial Con- higher energy. The H/C experiments remain classified and
finement FusiorflCF) Program recommended completion of are not covered in this review.
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FIG. 1-1. (Color) ICF uses eithefa) direct-drive (electron conductionor (b) indirect-drive (x rays to produce a high shell-ablation pressure to drive an
implosion.

Soon after it became operational in 1985, experimentsatories to explore a step between Nova and the LMAS
on Nova achieved their initial temperature goals of 200 toReview, 1990.
225 eV with low levels of hot electrons. This goal was es-  Analysis of the relationship between implosion velocity,
tablished as the temperature that would be required for highydrodynamic instability, and hohlraum temperature indi-
gain with a 5- to 10-MJ laser. The Department of Energycated that ignition and modest gain would be possible with a
(DOE) labeled such a facility the Laboratory Microfusion 1 to 2 MJ laser if hohlraum temperatures of 300 eV and
Facility (LMF) (NTIS Document, 1993 implosion velocities of 4 10’ cm/s could be achieved. At

Between 1986 and 1990, there was rapid progress othis implosion velocity, theoretical modeling concluded that
indirect-drive target physicgLindl, 1998hH. Nova experi- an optimal capsule absorbing 150 kJ of x rays would have
ments and modeling-demonstrated basic symmetry controgufficient ignition margin to accommodate the level of deg-
the first quantitative RT instability experiments, the expectedadation from hydrodynamic instability and asymmetry ex-
benefits of pulse shaping, and the radiation-drive temperatungected from an optimized hohlraum and high quality capsule.
scaling of implosions. At a laser energy of 1.8 MJ, which is the NIF baseline, there

Based on progress in indirect-drive target physics, thealso is margin to account for uncertainty in the achievable
DOE initiated a series of internal reviews of the LMF in hohlraum coupling efficiency. Early in 1990, 300 eV hohl-
1988. At the request of Congress, an external review of theaums with less than 1% of the absorbed energy in hot elec-
ICF Program was carried out by the NAS in 1989 to 1990. Introns were demonstrated. This encouraging result provided
its January 1990 interim report, the NAS committee con-some optimism that ignition and gain with the smaller laser
cluded that the LMF, with proposed yields from 200 to 1000recommended by the NAS might be feasible.
MJ, was too large for the next step and encouraged the labo- Based on the experimental and modeling results, both
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FIG. 1-2. (Colon Nova laser bay. FIG. 1-3. (Color) Nova target chamber.

the September 1990 final repofllAS Review, 199D of  sion experiments spelled out in the NAS review, the “Preci-
Koonin’s NAS committee and the DOE Fusion Policy Advi- sion Nova Project,”(NTIS Document, 1994 was imple-
sory Committee(FPAC) report (FPAC Final Report, 1990 mented to achieve improvements in power balance and
endorsed the goal of ignition. This endorsement was madpointing accuracy. When the upgrades were completed in
contingent upon successful completion of a series of experit993, the pointing accuracy was improved from about 100
ments to be carried out on Nova. These experiments angm to 30 um [see Fig. 1-8)]. The power balance was im-
modeling in hohlraum and laser—plasma-instability physicgproved about a factor of two, to 5% during the high-power
(HLP) and hydrodynamically equivalent physi¢dEP) of  part of the pulse and to less than 10% during the low-power
capsules constitute what was called the Nova Technical Corfoot of the pulsesee Fig. 1-8)] for a characteristic 20 kJ
tract (NTC) (NAS Review, 199D pulse shape. Figure 1 shows that Nova was capable of
The HLP program addresses laser—plasma couplingneeting the Precision Nova power balance specifications for
X-ray generation and transport, and the development of pulse having a 10:1 contrast ratio and delivering more than
energy-efficient hohlraums that provide the appropriate spec0 kJ.
tral, temporal, and spatial x-ray drive. Although the Nova laser is not large enough to achieve
The HEP experiments address the issues of hydrodyignition, it is possible to design a series of experiments on
namic instability and mix, as well as the effects of flux asym-Nova each of which closely approaches one or more of the
metry on capsules that are scaled as closely as possible tequirements critical for ignition, as measured by scaled di-
ignition capsuleshydrodynamic equivalengeThe HEP pro- mensionless variables. As the NIF ignition concepts have
gram addresses capsule-physics issues associated with igaicolved, the elements of the target physics program have
tion. This includes the physics associated with ignitien-  also changed. This Introduction summarizes the motivation
ergy gain and energy loss to the fuel during implogionthe  and objectives of the indirect-drive target physics program in
absence ok-particle deposition. the context of ignition requirements. A much more extensive
From its completion in 1985 until it was shut down in discussion of the requirements for ignition is contained in
June 1999, the Nova las€Emmettet al, 1983; Hunt and (Lindl, 1995; Lindl, 1998.
Speck, 1989 at Lawrence Livermore National Laboratory
(LLNL) was the primary U.S. laboratory facility for
radiation-driven experiments. Figure 1-2 is a picture of theA- Ignition requirements

laser bay, showing some of Nova's 10 beams. Figure 1-3 There is a strong connection between the compression

shows the Nova experimental area as it was before any dijchievaple in a spherical implosion and the ignition thresh-
agnostics were installed. The laser beams are arranged §fy (Nuckollset al, 1972. Because the compression that can
that five beams located along the rim.of a 100° cone irradiatge gchieved in an implosion is related to the implosion ve-
ea(?h end of a hohIr_aum, as shown in Fig. 1-4. Nova coulqocity Vimp» the ignition threshold depends strongly o,
deliver 30 to 40 kJ in 1 ns at an output wavelength of 0.35¢¢; 5 fixed-peak driving pressure and fuel entropy, if a laser
wm. This energy could also be delivered with a wide varietypjse shape can be achieved that maintains compressibility
of pulse shapes. Figure 1-4 shows a typical 1.6-mm-diamet§pgependent 0bimp, the ignition threshold varied evedahl
hohlraum used on Nova for implosion experiments. For easgnq | ing, 1997 asv; ", wheren~5 to 6 for the target type

of fabrication, the hohlraum wall for this target is typically gnown in Fig. 1-6. Mopre generally, for capsules with differ-

made of Au, but other higi-materials such a8/ andU are  gnt peak implosion pressures and fuel entropy, the ignition
also used. The capsule shown inside is a plastic microballoogyreshold scales approximately as

about 0.5 mm diameter. L8 e 08
In order to carry out many of the symmetry and explo-  Eign®*B  0impP ™ (1-3)
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FIG. 1-4. (Color Nova implosion target illustrating beam geometry. Five Nova beams irradiate each side of the hohlraum. The beams are uniformly
distributed around the rim of a 100° cone.

whereP is the implosion pressure arn@lis the ratio of the V is the volume enclosed by the shell. For a given shell
pressure in the fuel at a given density to the Fermi degenemass, generating the highest possible ablation pressure on a
ate pressur¢Basko, 1998; Hermast al,, 200J). shell that encloses the greatest possible volume maximizes
The implosion of a shell such as that shown in Fig. 1-6 isthe implosion velocity and minimizes the ignition energy.

driven by the ablation of material from the surface of the  The ablation pressure is related to the energy flux inci-
shell and can be described by a spherical rocket equationlent on the surface of the shell. In laser-driven ICF, LPI
The work W done on the imploding shell is given By}  effects limit the incident flux to about ¥®W/cn?. In ion

=[P dV, whereP is the pressure generated by ablation andbeam-driven ICF, the pressure is limited by the focused
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intensity achievable. In general, ablation pressures are limances between points farther apart can be controlled by hohl-

ited to about 100 to 200 Mbar for current laboratory ap-

proaches to ICF.

raum geometry and laser beam placement. In the NIF laser,

two rings of beams, each with an independent pulse shape,

As the volume enclosed by a shell with fixed mass andwill enter each end of the hohlraurfin Nova, a single ring

density (and thus with a fixed volume of shell matejids

of five beams entered each end@ihe two rings on NIF will

increased, the shell must become thinner. Hydrodynamic inajlow “beam phasing,” in which the power in the individual
stabilities during the acceleration and deceleration phases ﬁhgs is varied independent|y to control time-dependent

the implosion limit the so-called in-flight aspect ratio to
R/AR<30-40, wherR=shell radius and\ R=shell thick-

asymmetry. The ignition physics symmetry experiments uti-
lize hohlraums with a ratio of hohlraum diameter to capsule

ness as it implodes. Perturbations on such shells increase §iymeter that is comparable to that on NIF target designs in

amplitude during the implosion by 5 toeffoldings (growth
factors of 200 to 1000 For thin shells, the shell aspect ratio

increases linearly with the volume enclosed. This limitation

on the shell aspect ratio and the pressure limitation, as d
scribed above, together limit implosion velocities. If driver

technology can be developed so that other details of an im-
plosion, such as pulse shaping and drive symmetry, can b

controlled, these two limitations ultimately set the ignition

threshold for laboratory fusion to a driver of about 1 to 2 MJ

for capsules with implosion velocities of 3 tox4L0” cm/s.

The goal of the indirect-drive ignition physics experiments
€

understanding of the growth of perturbations in planar and X
(pre shown in a plot of laser pow®, vs total laser energy as

on hydrodynamic instabilities is to demonstrate quantitativ

convergent geometry and an understanding of the effects

order to test both the geometric smoothing of short-

wavelength asymmetry and the control of long-wavelength

asymmetry by beam placement and hohlraum geometry

Qariations.

For a short-wavelength laser such as NéeaNIF) (la-

ser wavelengthh =0.35um in most experimenjs 70% to
80% of the incident laser energy is converted to x rays by the
high-Z hohlraum material. However, the large hohlraum size
resulting from symmetry requirements limits overall cou-
pling efficiency from 10% to 15% of the laser energy into the
capsule for the baseline ignition designs.

The laser requirements for ignition by indirect-drive can

these perturbations on implosions that approach NIF pertuindicated in Fig. 1-7. As laser power increases for a given

bation amplification levels and capsule convergence ratios.

Although indirect-drive is less sensitive to individual

laser energy, the achievable hohlraum temperaiugen-
creases. The ablation pressure increases approximately

L ) . E 35 - :
beam nonuniformities than direct-drive, beam placement in{Lindl, 19980 asTg”, SO vim, is a strong function offg.
side the hohlraum must be accurately controlled to achiev&eneration of plasma in the hohlraum increase§ gsn-
adequate symmetry. As indicated in Fig. 1-1, typical capsuléreases; this results in laser—plasma collective effects that

convergence ratios afe, =R, /r,~25-45, wherdR, is the
initial outer capsule radius angis the final compressed hot
fuel radius(the “hot spot” radiug. Achieving a convergence
ratio this high requires x-ray fluxes uniform from 1% to 2%.
Use of a relatively large hohlraufwith a ratio of hohlraum
radius to capsule radius of 3 t9 greatly reduces imbalances

limit T and the usable power that can be put into the hohl-
raum. This power depends on laser wavelength, laser beam
spatial and temporal uniformity, pulse duration, hohlraum
size, and other variables. Ag=400 eV, for the long pulses
required for ignition capsules, the hohlraum plasma demsity
will approach n/n.~1/4 (the critical density n,

in irradiation between points close together on the capsule=10°2A "2 cm 3, where\ is the laser wavelength in mi-

surface(Caruso and Strangio, 1991; Lindl, 1998@mbal-

crometers Experiments(Lindl, 1998 at \=1 um gener-
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FIG. 1-7. (Color For laser-driven indirect-drive ignition targets, plasma ignition energy scgllng gpdateq using E-1).
physics issues constrain the achievable hohlraum temperature and hydrody- 1h€ NIF laser is being designed to operate at an energy
namic instabilities(represented here by surface finisgstablish the mini-  of 1.8 MJ and a power of 500 TW for ignition pulses; both
mum required temperature at a given drive energy. The shaded region cogr|yes are about a factor of 2 above the threshold ignition
stitutes the accessible region in power-energy space where ignition with . . . . .
indirect-direct capsules is predicted. The NIF power-energy operating curvé{alues_ Shown in Fig. 1-7, al!owlng fo_r “?f“a'”'“g uncerta'n.ty
shown here has margin to allow for uncertainty in ignition capsule physicsIn the implosion process. Within the ignition region shown in
Fig. 1-7, a wide variety of targets have been evaluated. The
predicted yields of the baseline NIF targets range from about
ated very high levels of scattered light and high-energyl to greater than 25 MJ. Although the yields expected from
electrons for hohlraums as the density approached this valublIF targets are less than that required for applications such
A simple scaling would suggest that about 400 eV is aras inertial fusion energflFE), the physics learned from NIF
upper-limit temperature for ignition hohlraum@t is pos- applies to a wide range of capsule sizes and yields.
sible to achieve higher temperatures for short pulses with The targets to be tested on NIF rely on central ignition
reduced plasma filling.We limit peak hohlraum tempera- followed by propagation of the burn via alpha deposition and
tures in current ignition target designs Tg~300-350 eV, electron conduction into the surrounding cold fuel. Once the
which limits plasma densities to/n.~0.10—0.15. The goal hot central region of the fuel reaches 10 keV withraequal
of the ignition physics experiments on laser—plasma instabilto the range of ther particles (~0.3 g/cnt at 10 keVj, the
ity (LPI) physics is to better understand ignition-relevantburn will propagate into and ignite an indefinite amount of
plasmas and to achieve a coupling efficiency of laser lighsurrounding cold fuel. The initiation of a self-sustaining burn
into a hohlraum of about 90% for NIF-type plasmas, lasewave defines ignition in an ICF target. These ignition and
intensities, and beam geometry. burn propagation conditions are nearly independent of fuel
At a given driver energy, hydrodynamic instabilities mass over a wide range of sizes.
place a lower limit on the temperature required to drive a  Figure 1-8 shows the calculated fuel temperatufg (
capsule to ignition conditions. A larger capsule with moreand density vpr for a 0.2 MJ capsule that could be driven
fuel mass requires a lower implosion velocity, which can beby the NIF and a larger 2 MJ absorbed energy capsule
achieved with a lower radiation temperature consistent witi(Lindl, 1998f). Although the capsule energies differ by an
the shell aspect-ratio constraints. The value of the requiredrder of magnitude, the fuel configuration in temperature and
minimum temperature at a given energy will depend on thepr space, the variables that determine burn propagation, are
allowed shell aspect ratio; this depends on the smoothness oéarly identical. The fuel in the smaller capsule has been
the capsule surface, currently limited from 100 to 200 A rmscompressed to greater density to make up for the reduced
for Nova capsules. Below a certain size, the required implomass and energy in the fuel.
sion velocity will exceed the velocity achievable within the Once ignition occurs, the burn wave in these deuterium—
temperature and capsule uniformity constraints, and ignitiortritium (DT) capsules propagates ipr and temperature
is not possible. Above this threshold energy, there is a regiospace in a way that is essentially independent of size. Figure
in power-energy space where ignition is feasible. This is thel-9 shows the ion temperature-ps-conditions for a 0.2 MJ
shaded area in Fig. 1-7, which encloses the region limited bjNIF and the larger 2.0 MJ capsule as the burn wave propa-
300 eV hohlraum temperatures and 100 A capsule-surfacgates into the fuel. The two capsules track each other until
finishes. The analysis for the curves which define the ignitiorthe smaller capsule starts to decompress. Once started, the
region in Fig. 1-7 follows that ifLindl, 1999 but with the  burn wave continues to propagate until it runs out of fuel.
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103 Hohlraum Laser-Plasma Physics (HLP):
T ViMoo - Absorption
— * Laser-plasma instabilities
E; S~ = X-ray conversion
Y ‘—-\ ~-1\ * Radiation transport/wall loss
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pr (g/em?) Hydrodynamically Equivalent Physics (HEP):
FIG. 1-9. Burn propagation in small capsules tracks that in larger capsules " Hydrudynamic stability
until decompression begins. Pairs of curves are temperature contours at & « Effects of drive asymmetry

series of times as the burn wave propagates through the fuel. e Ignitiun physics

. Lo .., FIG. 1-10. (Color The Nova Technical Contra¢NTC) program comprises
Thus, a demonstration of ignition and burn on the NIF will o elements that address the hohlra#h.P) and capsule physid${EP) of

determine the requirements for high gain with a larger driverignition and high gain.
A high-level summary of some of the key results from
the target physics program compared to NIF ignition targe
requirements is shown in Table I-1. As indicated in the table
the results from the Nova and Omega experiments approa
the NIF requirements for most of the important ignition-
capsule parameters, including drive temperature, drive synB
metry, and hydrodynamic instability. ca

hLP physics goals, and the HEP goals, as indicated in Fig.
-10. Sections IlI-V cover the HLP physics issues, and Secs.
| and VII cover the HEP physics issues.
Section Il addresses LPI in hohlraums including laser
m filamentation as well as stimulated Brillouin scattering
(SBS and stimulated Raman scatterif§RS. This section
also includes the effects of laser-beam filamentation relevant
to hohlraum symmetry. Section IV deals with hohlraum en-
ergetics including x-ray production, hohlraum-wall losses
Section Il summarizes the NIF target designs. It covers and albedo, and hohlraum coupling efficiency. Section V
variety of target designs using a variety of laser energiesgovers hohlraum symmetry including spot motion and hohl-
ablator materials, and drive temperatuf@®m 250 eV to raum plasma evolution, and the effects of time-dependent
350 e\). This section also summarizes current capabilities irhohlraum albedo.
target shell production and cryogenic-fuel formation. Section VI deals with RT instability. Most of the experi-
To address the hohlraum and hydrodynamic constraintments are in planar geometry but a few of the experiments
on indirect-drive ignition, the ignition program comprises theare in cylindrical or hemispherical geometry. This section

B. Elements of the indirect-drive target physics
program

TABLE | —-1. The results from Nova and Omega experiments approach the NIF requirements for most of the
important capsule parameters.

Physical parameter NIF Nov@®mega

Drive temperature 250-300 >300 eV for 1 ns pulse
* ~260 eV for shaped pulse in
gas-filled hohlraum

Drive symmetry

Number of beams 192 1®0)

RMS capsule drive asymmet(gll modes 1% 4% (2%)

Implosion averagedKy) ~1% ~1%
Capsule convergence rati€R) with NIF-like 25-45 10(17-22

hohlraum/capsule ratio

Hydro-instability e-foldings
Accelerationt deceleration for dominant 6—7 spherical  4-5 planar
modes(implosion); acceleration only for planar 4-5 spherical4-5
experiments
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FIG. 1-11. (Color) The NIF is being designed with the energy, power, and precision required to demonstrate ignition and propagating burn in ICF.

covers linear growth rates as well as a number of nonlineall. NIF IGNITION TARGET DESIGN

effects in two and three dimensions. Since ICF ignition cap-s |ntroduction to NIE ignition target design

sules remain in the linear or weakly nonlinear regime, Sec. o )

VI does not cover much of the recent work on highly non-  1he NIF design is a 192-beam, frequency-tripled (
linear effects or the transition to turbulence. Section Vil =0-35#m) Nd:glass laser system with a design goal of 1.8
deals with implosion experiments designed to approach a¥J and 500 TW, appropriately pulse shaped, on taify&1S
closely as possible, the combined hohlraum and capsule rép_ocument, . 1994a;. NTIS Docgmgnt, 1994bThe .NIF
quirements of an ignition experiment. The Nova TechnicalsyStem'deS'gn requirements for indirect-drive, given in Table

Contract(NTC) spelled out in the 1990 NAS review of the -1, ha_ve peen dete_rmlr_]ed fr_om the NIF basehn_e t.a_rget,
‘ o ..~ shown in Fig. 2-1, which is typical of almost all the ignition
ICF program included a number of quantitative objectives.

The indirect-drive target physics program has accom Iishet rgets under evaluatiofaanet al, 1995; Krauseret al,
get physics prog P 996; Wilsonet al, 1998; Haanet al, 2000. A spherical

most of these objectives. However, as the NIF target deSigncSryogenic capsulécomposed of DT gas, DT solid fuel, and

evolved, the elements of the ignition phygic_s program alsoan ablator is encased in a cylindrical high-hohlraum with
evolved beyond the NTC. A detailed description of the NTCy, 1 |3ser-entrance holés EHs) at opposite ends. The light

is included in the Appendix. _ entering each LEH is in two cones. The relative energy in
Results from the indirect-drive target physics programeach cone is varied in time to control time-dependent asym-
experiments and modeling led to the recommendation to PrOmetry in the x-rays incident on the capsule. Approximately
ceed with the NIF, which is now under construction at LLNL gne-third of the energy goes into the cones near the mid-
(NTIS Document, 1994aThe NIF facility is shown sche- plane. The NIF target chamber is shown schematically in
matically in Fig. 1-11. The U.S. indirect target physics pro-Fig. 2-2. The beam arrangement for indirect-drive is shown
gram has primarily been the joint responsibility of LLNL and in Fig. 2-2a). The 192 beams are clustered in 48 quads of
the Los Alamos National Laboratord ANL). Scientists four beams. Eight quads make up each inner ring and 16
from the French Commissariat'& nergie Atomique(CEA)  make up each outer ring. Each cluster of four beams com-
have participated in several of the later Nova and Omegaines to form an effectivé/8 optic. Each beam is focused to
experimental campaigns. an elliptical spot, which reduces laser intensity and the long
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TABLE Il —1. Functional requirements for the indirect drive NIF laser design.

Energy(measured at the entrance
hole of the hohlraum

Peak power

Wavelength

Duration

Dynamic range

—Continuous

—Discrete

Capsule irradiation symmetry

Beamlet energy balance
Beamlet pointing accuracy
Prepulse

Pulse simultaneity

Spot size

Beam smoothness

1.8 MJ

500 TW
0.35um
20 ns

50:1
10:1
Hohlraum illumination:
Geometry: 2 concentric cones from each side
Inner cone(beams incident at 23.5° and 30°)
Outer conglbeams incident at 44.5° and 50°)
Beamlet distribution: 2/3 on outer cone 1/3 on inner cone
8% RMS
50m
<10° Wicn?
<30 ps
50Qum at the laser entrance hole
—Phase plates for the control of spatial irradiance
on the target
—The option to produce different wavelengths for
different beams, up to a frequency separation of 1 nmwat 1
—Temporal and spatial smoothing as provided by one-
dimensional Smoothing by Spherical Dispersi@®SD),
with bandwidth up® 3 A at 1w.

axis of the ellipse is chosen so there is no loss of LEH clearto the midplane of the chambfgs shown in Fig. 24®)], the
ance. The nominal spot is 58A000xm at best focus. Such NIF will be capable of doing uniformly irradiated direct-

a spot can be made with phase-plate technigDest et al.,
1994; Kessleret al, 1996; Lessleret al, 1993; Lin et al,
1995; Linet al, 1996; NTIS Document(19949). The NIF

drive implosions at a later date.
Three possible ablator materials are currently under
evaluation(Haanet al,, 1995; Krausert al., 1996; Wilson

beams will be initially configured as shown in Fig. 2aRg et al, 1998; Haaret al, 2000. Capsules with Ge-doped CH,
However, by moving 24 of the 48 quads to beam ports close€u-doped Be, and polyimide ablators are shown respectively

QOuter cone
5.5 mm (44.5 and 50°,
| ~2/3 of energy)
y Inner cone 500 300
o (23.5 and 30,
278 mm| © ~1/3 of energy) 1 250
100
4 200
I Au Window o
Fill Thickness > 30 um ~1um polyimide I Badiation ]
1.25 mg/cc 2He+Hz Temp. 4 100
(eV) 50
1.1 ! 0 5 ‘Fl['.‘ 1I5 2{.':;I
11 mm
CH+0.25% Br+5% O ]
%087 DT solid Time (ns)
DT gas
0.3 mg/cc

Capsule yield 15 MJ

50-05-0494-1BI8FobI

FIG. 2-1. (Color) The most extensive modeling of ignition has concentrated on this target, called the point-desig(PfBrgéat absorbs about 1.3 MJ of
light.
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(a) NIF Indirect Drive beam geometry

(b) NIF Direct Drive beam geometry

)

02-08-1094-3591pb01

FIG. 2-2. The NIF target-area beam geomefs):NIF baseline target area
uses 48 clusters of four beams configured for indirect-diileNIF target-

area building and beam transport system can be reconfigured for direct-drive

by switching 24 of the four-beam clusters to alternate positions.
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1110 um 1080 um 1080 um
950 um
870 um
DT gas Fuel dimensions
0.3 mg/cc and gas density
same
PT BeThin Polyimide
CH+5%0+0.25%Br Be+0.9%Cu CpoHyoN,0,
1.05 g/cm? 1.845 g/lem? 1.50* g/cm?
Absorbs 153 kJ 173 kJ 154 kJ
Pliotal 1.82 glem? 1.82 g/em? 1.92 g/cm?
Yield 17.6 MJ 171 MJ 18.6 MY
Viuel (Mass-average) 390 um/ns 380 um/ns
10 pm/ns

*This work used 1.5 g/cm? for Pl density; current estimate is 1.40 gicm3

FIG. 2-3. We are evaluating CH, Be, and polyimide as possible ablator
materials. These three designs have similar fuel implosion characteristics
and could be driven in identical 300 eV hohlraums with nearly identical
pulse shapeél.3 MJ and 400 TW absorbgd

from 250 to 350 eV, with a shaped pulse for a low-entropy
implosion. The ablation pressure allows the fuel shell to
reach a velocity of 3 to %10’ cm/s. The central part of the
DT is then compressed and heated, forming a hot spot that
reaches ignition conditions of denskyadius pr
~0.3g/cnt and ion temperature about 10 keV. Them,
deposition “bootstraps” the central temperaturet80 keV.

The hot-spot density at ignition is typically from 75 to
100 g/cnd. The hot spot is tamped by a colder main fuel
layer, withpAr~1-2 g/cn? and density=1000 g/cni. The
burn propagates into the main fuel layer, and from 10% to
25% of the total DT mass is burned. The target shown in Fig.
2-1 produces from 10 to 15 MJ of yield in simulations, de-
pending on the details of pulse shaping, hohlraum asymme-
try, and RT instability.

The ignition region in laser power and energy in Fig. 1-7
is bounded on one side by hydrodynamic instabilities. Ulti-
mately, this boundary of the ignition region is determined by
the capsule surface smoothness. For Nova capsules described
in this review, surface finishes of 100 to 200 A have been
achieved, and similar surface finishes will be required for
NIF capsules. This constraint sets a minimum temperature
for NIF ignition targets of about 250 eV.

On the high temperature side, the ignition region is
bounded by laser—plasma instabilities covered in Sec. lll.
Laser intensity and other parameters determining the insta-
bilities depend primarily on the desired peak hohlralim
The laser must propagate through 3 to 5 mm of hbf (
~3-5keVv at peak powgr low-density (.<1
x10?t cm %), and lowZ (mixture of He and W plasma.
Near the hohlraum wall, the laser propagates through a few
hundred microns of higl- material. In the NIF-baseline 300
eV hohlraum, the density of the lo&-plasma is 0.05 to
0.1, (critical densityn,=10°’\"2 cm 2 where \ is the
laser wavelength in microp®ver most of the beam path and

in Fig. 2-3. These three designs have similar fuel-implosiorthe temperature isT.~4-5keV. For the inner ring of
characteristics and could be driven in identical 300 eV hohlbeams, the density reaches as high as 15% of critical density
raums with nearly identical pulse shapes. In the baseline tafor the last millimeter of pathlength. However, this far into
get, the hohlraum material is Au, but a variety of materials orthe hohlraum the individual laser-beam intensity has de-
materials mixtures can be used. Designs are being evaluatedeased substantially from its peak 0k20" W/cn?. NIF

with hohlraum peak-radiation temperaturelk )( that range

hohlraums are initially filled with a lowz gas as a
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symmetry-control technique. Without this ladv-fill, the  boundary of the radiation temperature is still somewhat un-
laser-beam energy is strongly absorbed in Hghlowoff  certain, but as discussed in Sec. Ill, hohlraums with tempera-
and does not propagate to positions near the hohlraum watllires of 300 eV, and perhaps somewhat more, are consistent
as required for symmetry. with the experiments and modeling that have been carried
Without an initial gas fill, for laser pulses as long as out on Nova to emulate the plasmas that are expected in NIF
those required for ignition, the radiation-driven blowoff hastargets.
time to fill the hohlraum; it then becomes the dominant  The region between the NIF laser design performance
source of plasma in the hohlraum. The interaction of theand the intersection of the achievable hohlraum temperature
laser with the radiation blowoff determines the plasma conand achievable capsule surface finishes defines the operating
ditions in the beam path. A combination of inverse brems-sspace for ignition targets, as shown in Fig. 1-7.
strahlung absorption along the beam path, electron conduc- The most complete target analygidaan et al, 1995;
tion from the beam path into the surrounding channel, an&rauseret al, 1996; Lindl, 1998h has been carried out on
pressure equilibrium throughout the channel determines ththe baseline 300 eV hohlraum and capsule shown in Fig. 2-1.
beam-path density and temperature. By balancing these efhis combination of hohlraum and capsule is referred to as
fects, a near equilibrium in temperature and density is estalthe point-design targgPT). At 1.35 MJ, this point design is
lished in the laser-propagation channel. A simple theoreticahbout midway between the 1.8 MJ, 500 TW NIF laser-design
model (Lindl, 1998¢ that compares well with the average performance and the ignition energy minimum. This design
temperature and density seen in numerical models gives thelows for uncertainty in both laser-capsule coupling effi-
following scaling for the hohlraum plasma density and tem-ciency and ignition threshold.

perature:

n B. NIF ignition capsules

_“)\12/72*2/7Tr2E*l/5 (2_1) - . - .

Ne The most detailed one-dimensiorfaD) capsule simula-
and tions are done with the LASNEX cod&immerman and

Kruer, 1975 using Py radiation transporfNTIS Document,
T oo N27Z2/TTEI5E 1/20 (2-2 1976, equations of stat¢EQS calculated in-line with a
“Quotidian EOS” model(More et al, 1988, and average-

Since the critical density scales asn3/ the hohlraum atom XSN opacities (NTIS Document, 1977 Other
plasma density and electron temperature are almost indeperadiation-transport schemes predict the same capsule perfor-
dent of laser wavelength and depend primarily on hohlraunmance, as do other opacity models such as OR8lesias
radiation temperature. Also, since the fraction of critical den-and Rogers, 1996and super transition arraySTA) (Bar
sity in the channel scales nearly as the product of the lasé8halom et al, 1989. For separate implosion calculations
wavelength squared and the radiation temperature squareithat explore RT instability in detail, a non-Planckian
the achievable radiation temperature at a fixed fraction ofrequency-dependent radiation source is obtained from two-
critical density is approximately inversely proportional to la- dimensional(2D) hohlraum simulations. The spectrum used
ser wavelength. An initial gas fill does not significantly affects the short-wavelength hydrodynamic-instability
change the densities that develop in the hohlraum, but it doggrowth. Other than this effect, which can change short wave-
provide control of the composition of the material in the length perturbation amplitudes by about a factor of 2 in some
hohlraum interior. capsule designs, the spectrum has little effect on target char-

Laser scattering or filamentation in the hohlraum affectsacteristics. The deposition af particles produced by the
the target performance in several ways. Of course, energlyurn is normally calculated with the multigroup diffusion
scattered back out of the hohlraum is unavailable for x-rayCorman et al, 1975 model in LASNEX. Calculations
conversion. The total energy lost comes out of the energyHatchett, 1998 of the PT capsule using a Monte Carlo
margin. For the baseline design, NIF has about a 33% margicharged-particle transport modé\TIS Document, 1990a
in laser energy above the 1.3 MJ absorbed energy requiregroduce ignition and burn that are essentially the same as
The irreproducible part of scattering becomes a pulse shaggoduced by multigroup charged-patrticle diffusion.
and power balance or pointing uncertainty, and any resultant The pulse shape shown in Fig. 2-1 creates four shocks.
geometrical nonuniformity can affect the symmetry of theThis series of shocks brings the ablator up to peak pressure
irradiation on the capsule. If the overall level of these insta-while maintaining sufficiently low entropy in the DT that it
bilities can be kept to 10% or less, their impact on the hohl+emains in a near-Fermi degenerate statedl, 1998j). For
raum performance will be small. At this level, even if the optimal performance, the shocks must be timed within about
scattering had a large variation from beam to beam, the eft00 to 200 ps. Given uncertainties in opacity and EOS, ad-
fects on power balance would be less than that from thequate shock timing may not be predictaalpriori, but it is
expected 8% RMS statistical variation in the input energy ofachievable with an experimental prografiunro et al,
the laser beamgsee Table II-1 Because of the relatively 2001). The absolute value of the shock strengths at each step
thick capsules on NIF and the relatively low energy of thecan be varied over a fairly wide range as long as the timing
electrons produced under typical NIF plasma conditions, wés adjusted to maintain the appropriate timing between suc-
do not expect hot electrons produced by SRS to have angessive shocks. Figure 2-4 shows the tolerable variation in
effect on target performancélindl, 19989. The upper individual shock strengths, assuming the timing of all the

Downloaded 20 Mar 2011 to 69.181.48.121. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Phys. Plasmas, Vol. 11, No. 2, February 2004 The physics basis for ignition using indirect-drive . . . 351

Optimized Be/Cu capsule heating that couples to the free electrons produceg k-
(300 eV, 1.3 MJ) cay have been shown to produce smoother DT lay€md-

lins et al). The optical absorption technique applies equally
well to DD or DT fuel. This will be important in nonignition
experiments that may utilize DD fuel. However, the optical

300T
90% design yield

20% design yield

— technique requires transparent shells, and the radio-
Design yield is 18 MJ

frequency approach requires nonconducting shells. Hence,
neither approach applies to Be shells.

A uniform layer may also be produced by applying a
temperature gradient to a liquid cryogenic laykim et al.,
1985. Because both surface tension and evaporation rates
are temperature dependent, it is possible under some condi-
tions to obtain a uniform layer by adjusting these two prop-
erties with an appropriate temperature gradient.

In a final technique, low-density foam is used as a matrix
for the cryogenic-fuel layefSacks and Darling, 1987A
foam-filled fuel layer has a higher ignition temperature,
which depends on the foam density and material composi-
tion. Hence, most foam designs require a thin layer of pure
05 . '5 e '1| e 1|5 DT on the inside of the foam to aid ignition.

The Omega laser will be used as a test bed for develop-
Time (ns) ing targets with thick cryogenic layers. Initial experiments
began in calendar yed€Y) 2000 (Stoecklet al, 2002.
PEHERHIER Initiation of a self-sustaining burn wave constitutes igni-
FIG. 2-4. (Color Sensitivity of NIF ignition targets to pulse shape: the color tion in ICF. Beyond a threshold implosion velocity for a

scale shows yield variation as the drive profile is varied by moving thegiven capsule size? dV work can compress the hot spot to
“peg-points” indicated by the small triangles. A wide range of pulse shape i p >
provides good performance, but for a given pulse shape, the shocks gensetll'-]e pr and temperature at which partlcle deposmon can

ated must be accurate to 2%. initiate a burn wave. For the baseline NIF-scale capsules, the

threshold implosion velocity for ignition is expected to be

3.5 to 4.0<10" cm/s. Ignition results in a rapid increase in
other shocks has been optimally adjust®tlinro, 1998. For  yield as implosion velocity is increased gradually beyond the
example, the radiation temperature driving the first shock caignition threshold velocity. Experimentally, the implosion ve-
be varied from 65 to 90 eV as the length of the pulse prior tdocity can be increased, while keeping the fuel on the same
generation of the second shock is varied from 13.5 to 8.0 ngsentrope and maintaining the low temperature foot of the
The NIF point design was chosen near the high-temperatungulse, by varying either the peak-drive temperature at the
end of this range in order to minimize the overall laser pulseend of the pulse or the length of the pulse. Alternatively, the
length into the hohlraum. Typically, the pressure ratio be-ablator thickness and mass could be varied using the same
tween successive shocks must be kept below about a factpeak power part of the pulse while varying the lower-
of 4 to minimize the entropy increagkindl, 1998i). temperature foot to maintain the fuel entropy.

All the single-shell-ignition target designs for NIF re- As shown in Fig. 2-5 for the baseline polyimide capsule,
quire that the bulk of the fuel be in a cryogenic layer on thewithout a-particle deposition and the resulting burn propaga-
inside surface of the ablator. Bulk heating of the DT By tion, NIF targets are expected to produce no more than 10 to
decay of the tritium provides an effective technique for pro-100 kJ (Lindl, 1998h, whereas a target with ignition and
ducing uniform layers of DT in ICF targetsioffer and Fore-  successful burn propagation will produce from 1 to 20 MJ of
man, 1988; Martiret al, 1988; NTIS Document, 199).alf thermonuclear energy, depending on capsule and hohlraum
the capsule outer surface is at a uniform temperaiBrée-  design.
cay will cause thick regions of DT to be at a higher tempera-  Below a burn-averaged temperature of about 3 keV, neg-
ture than thinner regions. These hotter regions will sublimdigible «-particle deposition occurs, and the observed in-
more rapidly and become thinner. This process continues urcrease in fusion yield with implosion velocity follows that
til the layer has a nominally uniform thickness. However, theexpected for the purely hydrodynamic increase in fusion
DT tends to deposit as a large number of small crystallitescross section. By the time the fuel temperature doubles due
The B-heating process does not completely eliminate disconto a-particle deposition, the fusion burn rate has increased by
tinuities that arise at the boundaries of these crystallites, rean order of magnitudéwhite et al,, 1992 or more beyond
sulting in about<1 wm microscale roughness near the triple what could be achieved with pure hydrodynamic compres-
point of DT (Hoffer et al, 1992; Hofferet al, 1995. The 8  sion. Target performance below a central temperature of a
decay in 50/50 DT produces about 0.16 W/g. If externalfew keV will provide an experimental baseline for determin-
heating is applied to augment tigedecay, smoother layers ing the purely hydrodynamic increase in fuel temperature as
can be produced. Both optical techniques that couple ta function of implosion velocity; against this the measured
rotational/vibrational transitions in DT and radio-frequencydeparture due te-particle deposition can be determined.

200

T, (eV)

100
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100 T T T T T ditional baseline for comparison with the ignition experi-
ments. Changing the D to T ratio could affect a cryogenic
layering process, which would complicate direct comparison
- with the 50/50 DT case. For examplg,layering will not
- work with a pure D fuel layer but might work with a pure or
/ S nearly pure F layer. However, RF or IR heating will work
I\ A with all fuel combinations in transparent shells.
? . . The NIF baseline capsule designs absorb 150 kJ, of
lmz'g(',":ﬁ?:i’t?:: which about 25 kJ ends up in the compressed fuel. As shown
¢ ablator roughness in Fig. 2-5, the ion temperature, obtained here from the neu-
tron energy width, gets to about 10 keV when the capsule has
produced about 400 K&n about 20% of this or 80 kJ is
particles which are absorbed in the central hot spot and sur-
rounding fuel. Therefore, ignition occurs when the fuel-
energy gain is about 16, or when theparticle deposition is
about 3X the initial energy delivered to the compressed fuel.
Since the NIF baseline targets are expected to yield up to 15
0.001 MJ, these targets would have a fuel energy gain of about 600.
15 T T If 14 | At the ablation front, short-wavelength RT growth in the
Burn ! NIF capsules is stabilized by ablation of material at the un-
—  Propagation FO 48keV  yio 24 keV stable interface and by the finite density-scale length as dis-

10 [~

Burn
Propagation

Temperature
doubling

Yield (MJ)

0.1

Sy
]

0.01

12 / — cussed in Sec. VI. As a result, the ignition targets can be
| ? designed to remain in the linear or weakly nonlinear regime
| ! for hydrodynamic instabilities. Because of this, much of the

J\ instability modeling can be based on linear analysis that is as

o’ I' two-dimensional | accurate as possible, with an extension into the weakly non-

! with 90 nm initial linear regime as necessary. In this regime, the principal non-
Temperature /

doubling

ablator roughness linear effect is mode-shape changes. Other mode coupling

effects are, in general, not important. The linear analysis is
based on a decomposition of the surface perturbations into
spherical harmonics, which are eigenmodes of the linear evo-
lution. Single-mode growth is determined by running many
2D simulations, each of one single mode in the linear regime
throughout the simulation. This provides the most accurate
calculation of all known effects in the linear regime, includ-
ing ablation and density-gradient stabilization, Richtmyer—
Meshkov growth, and convergence effects. This set of calcu-
Multiplier on peak flux lations, combined with a nonlinear saturation model
(discussed further in Sec. ¥Iprovides a spectrum of growth

lon temperature (keV)
|

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

FIG. 2-5. Ignition could be diagnosed as a rapid increase in yield anqcactors that vary from several hundred to approximately
neutron-width burn temperature as drive is varied. The horizontal axis is

multiplier on the peak drive, with the first 13 ns of the pulse unchanged, an 000. Tlmg-(_j(_ependent grovvth factors are Com_bmed with an
the flux smoothly interpolated between 13 ns and the multiplied flux forassumed initial-surface spectrum to determine the root-
times 14 ns and greater. Solid lines show one-dimensional simulations, anchean-squaréms) perturbationo as a function of time, near

dashed lines show a heavily perturbed two-dimensional simulaidie 90 o nition time. As described in Sec. VI, the bubble amplitude
nm initial roughness in the 2D simulations is about four times the surface

roughness specificationTemperature doubling, above what would occur 1S taken to bev2o, and the spike a_mp"tUde to_bel (1
without bootstrapping viar deposition, occurs at a yield of a few hundred +A)\QO’, where the Atwood numbeA is nearly unity in
kJ, and yields above about 1 MJ require propagation of the burn into thehjs case.

e o s S 35 e oot e o, _In his approach, the effects of the perturbed ayer on the
margin and lower yields. ignition hot spot are evaluated using a 1D model in which
mixing is represented only as an enhanced thermal conduc-
tivity in the perturbed region. Because the mixing occurs
A complementary set of experiments could be done withbetween hot and cold DT, material mixing of different ele-
a nonigniting fuel layer. For example, above or below somaments does not occur. The effect of this 1D mixing model is
ratio of D to T, the targets will not ignite at any implosion to distribute the energy in the mixed region nearly uniformly
velocity reached on the NIF. Assuming a comparableover all the mass in the mixed region. LASNEX models this
cryogenic-layer quality and a slightly revised pulse shape tdeat flow with an enhanced thermal diffusivity given by
account for initial fuel density differences, a curve of yield apL(dL/dt) over the 1D mix layer of width., whereay is
vs implosion velocity with a nonigniting fuel mixture, nor- a heat-diffusivity multiplier and_ is the size of the mixed
malized for cross section differences, would provide an adlayer determined as described above and in more detalil in
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0 5 10 15 20 25 FIG. 2-7. The increase in the required driver energy vs the perturbation
Mode number mode number for perturbation amplitudes as a fraction of the hot-spot radius

of 10%, 20%, 30%, and 40% at peak compressiishony, 200].

FIG. 2-6. At highl-mode numbers|¢10), the DT contained within the

bubbles does not contribute to ignition—only the clean inner part of the hot

spot ignitegKishony, 200). As thel-mode decreases below 10, the ratio of

the surface area of the cold spikes to hot-spot volume decreases, allowinggf this, there is very little difference in the effects of thermal

larger effective radius to contribute to ignition. The case shown is for : : : :

: o 2 ; conduction between a spatially detailed calculation that re-

Enix/Eo=20%, an implosion with a 20% ignition margiiishony, 200}. . P y . .
solves these modes in the perturbed region and an atomic
mix approximation with the same spatial degthevedahl

Sec. VI. This extra heat flow is used to mimic the heat Iostand Lindl, 1997. For the NIF baseline capsules, the kinetic

from the hot spot that occurs as the surface area of a morg "9y of the imploding fuel is about 40% above the mini-

realistic RT-modulated interface grows. Calculations typi—?otilrg ;esqw;idaio'[rhggllgoga.\lgjelg(l)ends Ezg'&zgsg se[?o(\j\?mrjle?j-ict
cally useap=1, but the result changes little far between ’ P

0.5 and 2.0. Full simulations of multimode perturbationsthat a maximum spike amplitude can be about 4 in

with realistic initial amplitudes are also run in both two and amplitude compared fo a hot-spot radius of @. This Is

three dimensions. A variety of multimode simulations haVecon5|stent with the single mode calculational results in Fig.

been run on several capsules, at solid angles ranging froﬁf7 _?_Ed a 12 ||T1|x mgdel. f d ; turbati
relatively small conic sections to half-spheres. Amplitudes € modeling above focused on surface perturbations

obtained this way are consistent with the weakly nonlinearthat are initially on the outside of the ablator or on the inner

analysis. These calculations can be continued through bur%urface of the DT. Of course, there will be perturbations on

time to model the effects of the perturbations on the capsultréhe other _mte_rfaces, as well as material inhomogeneity _and
yield. other fabrication defects. Any of these can be modeled in a

The multimode RT calculations and the 1D thermal miX_conceptually identical way. These calculations predict that
ing model give very similar results. Even though the multi_the capsule is most sensitive to perturbations that are initially

mode calculations do not result in a fine-scale mix of hot anclon the outside of the ablator. Perturbations on the DT gas/

cold material, heat conduction into the spikes for mode num:c'OIId interface can be significantly larger than those on the

ber greater than about 10 is sufficiently large that only theouter ablator surface. These perturbations contribute to the

clean DT inside of the spike tips contribute to ignition. This growth by seeding perturbations at the ablation front during

is equivalent to what happens in a 1D-mix model. For athe acceleration phase or during the deceleration phase

given kinetic-energy margin above the ignition threshold,(When the amplification factors are relatively smaih either

some penetration of the perturbed spikes is tolerable. Belof?>" th? Impact of perturbations of a given size on the inner
an l-mode of about 10. the ratio of the surface area of thelface is reduced compared to those on the outer surface.

cold spikes to hot-spot volume decreases, allowing a large hen_ perturbaju_ons_ from m“'t'p'e sources are included, a
effective radius to contribute to ignition. These effects arecomblned specification is given approximately by
shown in Fig. 2-6 for calculations in which a large-amplitude
single-mode perturbation was applied to the imploding fuel
configuration(Kishony, 200). Figure 2-7 is a plot of the
increase in the required ignition margidriver energy vs
perturbation mode number for various perturbation penetra- +
tion fractions. The dominant contribution to the perturbed
region between the hot spot and cold-DT main fuel is forDevelopment of the 3D HYDRA codéNTIS Document,

modes in the range df=15-40 for NIF capsules. Because 1995h has allowed us to perform 3D-multimode simulations

2 2

Ablator—rms
+l 5
max — tolerable

DT—ice—rms
““max — tolerable”

(2-3

Radiation- symmetry; 2
““max—tolerable”
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Quter surface
perturbation

Copper-doped
beryllium ablator

Inner surface
perturbation

O 10 20 30 40 S50 &0 70

FIG. 2-8. (Color) Capsule-only simulations in 3D examine the effect of multimode surface perturbations. Both the inner ice and outer ablator surfaces are
perturbed with modes over the range responsible for mix. Perturbations shown are derived from measured spectra of DT ice and a Nova capsule ablator,
respectively.

(Lindl and Marinak, 1996b; Haaet al, 2000 of various These traces are converted to an estimated 3D power spec-
ignition capsule designs. HYDRA uses arbitrary Lagrange-trum (NTIS Document, 1994¢ power is distributed isotro-
Eulerian hydrodynamics. It has second order accurate lasg@ically among the 3D modes with equivalent wave number.
raytracing with inverse bremsstrahlung absorption. Radiatiotysing the Pacific Blue ASCI machine at LLNL, HYDRA
transport can be either flux-limited multigroup diffusion or simulations have been carried out for sectors of a sphere as
implicit Monte Carlo transport. The ignition capsule simula- large as 72° in both angular directiofidaanet al, 2000.
tions use a thermonuclear burn model to treat the depletiofihe initial conditions for such a calculation on the 300 eV
and production of isotopes. An efficient multigroup routine Be capsule in Fig. 2-3 are shown in Fig. 2-8. This simulation
transports energetic charged particles produced during thesolves the full range of the most dangerous modes (
burn phase. Because the capsules are thin to neutrons, a2—100), that grow from surface roughness on a NIF cap-
accurate treatment of neutron-energy deposition is obtainesule. (Perturbations on the ablator had spherical harmonic
with a neutron transport model derived in the free streamin@mplitudes 10/°+1.51°7, in nm, and on the DT ice
limit. As energetic particles slow down, they deposit energy1.0/3%¢+2.2e— 714, in um.) During the implosion phase,
in separate electron and ion channels. Electron and ion corthe shell areal density strongly resembles the initial outer-
duction are treated, as well as electron-ion energy exchangsurface perturbation, demonstrating that the modes that grow
Hydrodynamic instabilities are simulated over a portionin the ablator are seeded predominantly by initial ablator
of the capsule solid angle, which extends equal amounts isurface perturbations, not from the rarefaction wave return-
the polar and azimuthal angl€A6,A¢), with one boundary ing from the ice surface. Depressions initially on the surface
coincident with the capsule equator. Multimode surfacedevelop into bubbles on the ablator surrounded by intercon-
perturbations imposed are of the formG(6,q) necting spike sheets and larger individual spikes. Figure
=3 .3, cosnrblAb)cosmdlAd), with symmetry bound- 2-%a) shows density iso-contours of 13.8 gtmear peak
ary conditions at transverse boundaries. These are analogomsplosion velocity. As the capsule approaches ignition, the
to modes used in the 2D axisymmetric simulations over gerturbation structure on the inner surface evolves toward
portion of a quadrant. Perturbations on the outer ablator sutewer mode numbers. This behavior is strongly influenced by
face are based on traces from a Nova capsule, while those @onductive ablation during deceleration and the effect of
the inner DT surface are based on a trace of cryogenic ic&onvergence, rather than by mode coupling. Figurg®2-9
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(a)

(b}

Density iso-contours of 13.8
glem? near peak velocity. The
two surfaces bound the
capsule shell.

Density iso-contour of 360
gfem?3 at ignition.

50-D0-0899-1688pbi

FIG. 2-9. (Colorn A HYDRA simulation has resolved the full range of the

most dangerous modek~{2—-100) that grow from surface roughness on a

NIF capsule(a) Density iso-contours of 13.8 g/émear peak velocity. The
two surfaces bound the capsule shg). Density isocontour of 360 g/chat
ignition.

shows a density iso-contour of 360 g/&im the dense fuel at
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sector of the sphere, which resolve modes in the rande of

=10-40, give essentially the same yield and are used for
most of the 3D calculations. RT unstable modes in the range
40<1<120 are much less capable of feeding through the
shell and producing spikes upon deceleration than these
longer wavelength modes. But they can threaten the shell
integrity during the implosion phase, when the shell aspect
ratio is higher. The longer wavelength perturbation from in-

trinsic hohlraum asymmetry, the power balance, and pointing
errors have not yet been included in these 3D calculations.

Figure 2-10 shows the results of a series of HYDRA
calculations on the three capsules in Fig. 2-3. Generally, Be
performs better than CH as an ablator with the same pertur-
bation level. At 300 eV, Be must be doped with higizer-
materials for optimal performance. The dopants suppress pri-
marily the effects of preheat caused by higher energy pho-
tons in the tail of the x-ray distribution. Radially varying the
doping allows for more complete optimization. Doping the
Be with Cu appears attractive from a fabrication point of
view.

Other Be capsules with a mixture of Na and Br dopants
have been evaluated. Also, Be has a lower albedo than CH.
As a result it absorbs energy more efficiently than CH and
has a higher ablation rate at a given hohlraum temperature.

ignition. This calculation shows that the largest amplitudeBecause of the higher ablation rate, Be shells are more
modes are those with dr=30 as expected from the single stable. In the most highly optimized targets, the additional
mode calculations, consistent with an implosion in a weaklyperformance margin obtained by using Be instead of CH is
nonlinear regime with little mode coupling other than thatequivalent to about 25 eV in peak hohlradim. The advan-

caused by mode shape change. Calculations with only an 18age is greater at 250 eV than at 300 eV. Polyimide is inter-

(a)
Yield vs. ice mughness
for 10nm rms ablator surfaces

20—
|
I Be+Cu
15 \
= |
=3 |
o |
2 q0 |
> |
: Polyimide
501
|
|
ﬂ i | | | | | | |
(] : 1 2 3 4
|

DT ice surface rms (um)

Y

Native Ice
Roughness

(b)
Yield vs. ablator roughness
for best ice surfaces

20

Polymide

-
w

Yield (MJ)

-
(=]
|

0 | | | |
0 20 40 80

Ablator surface rms (nm)

100

At the ice-gas surface, these include:
1.0um rms for Be+Cu
0.5um rms for polyimide and CH+Br

FIG. 2-10. (Color) 3D simulations with HYDRA show that at 300 eV drive, the BeCu NIF capsule can tolerate the roughest ice-gas and ablator(aurfaces.
Yield vs ice roughness for 10 nm rms ablator surfa¢bsYield vs ablator roughness for best ice surfaces.
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mediate between CH and Be. Because Be is more efficient Yield and ion temperature of
and has a higher ablation rate, Be shells in a given hohlraum CH-ablator targets (scales of PT)
with a given laser energy generally have more mass and have 50 T T
higher absorbed energy. The initial mass of the Be ablator in
Fig. 2-2 is nearly twice that of the CH. An additional effect,
which varies between the three capsule ablators is the effect
of x-ray preheat. X-ray preheat, which is preferentially ab-
sorbed in the ablator, can result in an ablator density that is
less than that of the fuel density during acceleration. There is
then an interior interface between the fuel and the ablator,
which can also grow. This effect is the most severe for the
CH ablator PT capsule which has the thinnest ablator.
Growth at this interface is seeded by feedthrough from the
ablation front. To reduce this effect, the PT capsule is cur-
rently being reoptimized with a thicker ablator and/or thicker
fuel layer and possibly a graded ablator preheat dopant. This ,
effect is further discussed in Sec. VIC.
In Fig. 2-1Qa), the roughness of the inner surface of the 0
DT ice is varied for a constant ablator roughness of 10 nm. 0.5 1.0 1.5 2.0
As seen from these calculations, the Be ablator capsule can Input laser energy (MJ)
tolerate about a factor of 4 rougher ice layer than a doped CH
capsule. Perturbations initially on the ice grow by coupling —s— =1D capsule simulations
to the unstable ablation front during acceleration; this cou- @ © =Integrated simulations of full target

p“ng is much less effective through the more massive B%IG. 2-11. Scales of the PT point design ignite in 1D above about 0.7 MJ.

shell (Wilson et al, 1998. Polyimide is intermediate be- For the 1D capsule simulations, capsule dimensions and times are scaled by
tween these two materials. However, both the CH capsule, and the effective laser energy is given By (MJ)=1.35%% wheres
and polyimide may be suitable for enhanced smoothing‘_l is t_he PT de;ign. For the integrated hohlraum and capsule s_imulations,
while Be, which is not transparent, is not. If the aChievabled;mensmns and times are proportionalstoand powers are proportional to
layer smoothness is a factor of 2 better for a polyimide cap—s '
sule, then the relative safety factor for a Be and polyimide
ablator would be similar. Figure 2-{lf) shows the sensitiv-
ity of the three capsules to ablator roughness. Be and polypects of the target can be varied, providing different trade-
imide are both substantially more tolerant than the doped Claffs of the remaining uncertainties in our understanding.
capsule. Clearly, for equal quality ablator and DT ice surface  We can vary the size of the target and the energy it uses.
roughness, a Be ablator shell is preferred. Most Nova capbirect geometric scales of the PT produce good burn at any
sules were made largely from CH plastic. A CH plastic ab-laser energy above about 700 kJ, as shown in Fig. 2-11. The
lator was chosen for the original baseline NIF capsules beiD results are from hydrodynamically scaled targets with the
cause developing, characterizing, and filling NIF capsulesequired laser energy given Ity (MJ)=1.35s (Haanet al,
would be more straightforward by means of techniques simi1995 wheres is the spatial scale factor compared to the PT.
lar to those already developed for Nova capsules. Techniquékhe 2D results are from integrated hohlraum and capsule
are now being evaluated to develop high-quality Be andtalculations described below but do not include RT pertur-
polyimide shells. The relative merits of Be shells comparecbation calculations for the smaller capsules. This energy mar-
to CH or polyimide shells will be determined by the fabrica- gin allows for loss of energy to stimulated scattering pro-
tion quality that can be achieved. cesses and laser coupling. Also, it allows us, if necessary, to
Another important issue in ablator selection may turn outchange the relative size of the hohlraum and capsule. This
to be the bulk homogeneity of the ablator. The implosion isallows a trade-off of the capsule ignition physics, and hydro-
very sensitive to nonuniformities in density or opacity. As adynamic instability, with symmetry and hohlraum filling.
rough estimate of this sensitivity, note that a 30 nm surface  Figure 2-12 compares the characteristics of capsules
roughness perturbation corresponds to a 1:5000 perturbatiomith a drive temperature that varies from 2&ittrich et al,
in column density for a 150 micron shell. It is likely that the 1999 to 350 eV(Hinkel et al.). The higher temperature de-
implosion will be sensitive to column density variations of signs stress the hohlraum—plasma physics and the achievable
this order; quantifying this sensitivity is an area of currentlaser power while the lower-temperature designs stress the
research. Also, the sound speed in crystalline beryllium idwydrodynamic instabilities. The greater sensitivity to hydro-
known to depend on crystal orientation, and it is possible thelynamic instabilities as the radiation temperature decreases
first shock will be perturbed as it propagates through thes apparent from the capsule in-flight aspect ratios. One in-
grain structure of a beryllium ablator. Again, this is an areateresting observation from Fig. 2-12 is that the convergence
of current research. ratio increases as the capsule temperature increases, even
Modeling of a wide variety of other targets has beenthough the initial radius scaled to the fuel mass decreases
performed at various levels of detail. Several important aswith temperature. This occurs because the fuel in the smaller,
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300 eV 250 eV
(Dittrich) (Dittrich)

Estimated Peak Power 450-600 TW 410TW 300 TW
Estimated laser energy 1-1.4 MJ 1.3 MJ 1.3-1.6 MJ
Abs. Cap. Energy 75 kJ 173 kJ 192 kd
peak pr (gm/cm?2) 1.9 1.82 1.75
v (fuel), 107 cm/s 3.9 3.9 34
Yield (MJ) 5.8 171 22
Convergence Ratio ~43 ~35 ~33
In-Flight Aspect Ratio ~30 ~46 ~62
Remaining kinetic energy 41% 38% 2%

FIG. 2-12. Capsules being designed for NIF span a range of temperatures from 250 eV to 350 eV.

higher temperature, higher-pressure capsule has a higher fusbsorbed energy closer to 1 MJ that have this implosion ve-
density in the final compressed state. locity can be quite robust. However, at the NIF size this
To accommodate changes in the hohlraum—plasma phy$eswer velocity 250 eV capsule has almost no remaining ig-
ics, and the laser peak-power limits, the capsule at 350 e¥iition margin, as indicated in Fig. 2-12, and is much more
had to be designed with a significantly smaller absorbed ersensitive to mix. Figure 2-13 shows the sensitivity of the
ergy than the lower temperature capsules. The 250 eV capdield of these capsules to perturbations on the ablator or
sule has more instability growth for a given implosion veloc-inner DT ice surface. In spite of its small size, the 350 eV
ity. With a velocity of about 3.%10" cm/s, it will have capsule is the most robust. The thicker shell and higher ab-
about the same growth during acceleration as the 300 elation rates at this temperature more than compensate for the
capsule at a velocity of 32910 cm/s. Capsules with an smaller size. The 250 eV design, by contrast, requires ex-

(a)

Be{Cu) ablator, 250 eV (B) E!c[C_u}_al:rIatnr_. 250 eV
® Polyimide ablator, 300 eV ® Polyimide ablator, 300 eV
® Be({Cu) ablator, 300 eV @ Be(Cu) ablator, 300 eV
® Be{Cu) ablator, 350 eV # Be(Cu) ablator, 350 eV
1.5 I 1.5 [

YieldM1D yield
Yield/1D yield

10 0 50 100
Ice roughness (m rms) Ablator roughness (nm rms)

FIG. 2-13. (Color) For the current designs, tolerance to RT instability is a strong function of peak-drive temperature and capsule ablator material.
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20 - 3 roughness and ablator roughness for gas fills of 0.3 and
,_N°“"“a' 0.3 mg/em dao 0.6 mg/cni. These fills correspond to a DT layer tempera-
Convergence ture of about 1.5 and 0.5 K, respectively, below the DT triple
15 ratio o point. The calculations are for a polyimide capsule driven at
— 1?0 & 300 eV. For a given level of roughness, the fractional reduc-
g CH ablator =~ _ § tion in yield is larger for the higher fill. However, in current
2 101 (300 eV) S~ & experiments orB-layered DT, substantially better layers are
s g produced at the higher temperature. The optimal choice for
5 \ Be ablator § the DT gas fill will be determined by this tradeoff in fabri-
i N\ Js00eV) 10 cation quality and performance sensitivity.
~
~ -
0 1 L L 1 0 C. NIF hohlraums
0 0.5 1.0 1.5 2.0 25

Currently, the best way to model radiation transport and
coupling efficiency in ICF hohlraums is with detailed 2D
FIG. 2-14. Capsule gas fill provides direct control of convergence ratio.calculations using a radiation-hydrodynamics code. The HY-
Increasing the initial galls filolI ;Ceril;iiss ZZ,”V‘Z??.”HCE crfzi:geiielT(jHeHr?iwﬁer fiIDRA code is able to do 3D hohlraum calculations but needs
g;/:sr;l:grjglt::c;npsr&aerglr;é srEr)1ore sensitive tc? asymmetry anoi instabilgiaty evelerth_er devebpmem of some of the phy5|c§ mOdeI_S' The C,al'
though they have lower convergence. culations described here use LASNEX, with detailed radia-

tion transport for the hohlraum/capsule coupling. The simu-

lations track the laser beams, calculating inverse
tremely smooth surfaces. More optimization may be possibl®remsstrahlung energy deposition and any refraction that oc-
for the 250 eV design, but it is clearly more susceptible tocurs. The calculations typically use XSN non-local-
instability growth than the higher temperature designs. thermodynamic-equlibriuninon-LTE) multigroup opacities

The initial gas-fill density in the capsule is determined (NTIS Document, 197)7although simulations with an opac-
by the temperature of the cryogenic fuel. Figure 2-14 showsty table derived from the STA opacity model are also done
the result of varying the initial fill on the convergence ratio (Bar Shalomet al,, 1989. Any coupling to the capsule via
and the 1D yield for the 300 eV baseline CH capsule. Ashydrodynamic pressure or electron conduction is included.
shown, the convergence ratio can be decreased approxi- The size of the hohlraum relative to the capsule is deter-
mately from 35 to 25 before the yield drops below 1 MJ. mined by a variety of trade-offs. The required profileTefvs
This reduction in the convergence ratio would reduce thdime is determined by the capsule, and any hohlraum larger
capsule sensitivity to flux asymmetry if the ignition margin than some minimum size could provide the neededvs
could be maintained. However, the yield decreases as thiime profile. A larger hohlraum takes more laser energy and
initial gas fill is increased because the total fueldecreases. power, and the optimal size is a trade-off of the energy and
This reduction in totalpr occurs because stagnation startspower requirements and the need for symmetry and accept-
earlier in the implosion process when less compression of thable plasma filling.
main fuel has occurred due to convergence. More of the Even with perfect laser pointing and beam-to-beam
imploding kinetic energy ends up in thermal energy in apower balance, there is some asymmetry. This asymmetry
larger fraction of the fuel mass and less goes into compresarises because of the LEH and the bright laser-irradiated
sion. The reducegr results in a smaller ignition margin for spots(if uncorrected the LEH alone causes a 15% peak-to-
a given fuel mass, implosion velocity, fuel adiabat, and im-valley P, asymmetry for a typical size LEH The bright
plosion pressure. The reducgd of capsules with higher gas laser spots are placed to cancel the deficit in flux caused by
fill makes them more sensitive to growth of perturbationsthe LEH. As discussed further in Sec. V, the symmetry can
due to RT instability. Figure 2-15 shows the yield vs DT ice be adjusted by changing the hohlraum length and the point-

Initial gas density (mg/cm3)

20 DT gas density 20 DT gas density

— 0.3 mg/cm3 — 0.3 mg/cm3
- - 0.6 mg/cm3 - - 0.6 mg/cm?3

15 FIG. 2-15. The central gas density must be optimized in

coordination with target fabrication. DT layer quality
from B-decay is better at 0.5 K below the triple point
than at 1.5 K below the triple point. However, the
higher fill density of 0.6 mg/cm® near the triple point
also increases sensitivity to ice roughness. Supplement-
AN ing the B-decay heating with an external IR source re-
Y sults in improved layer smoothness at lower tempera-
tures and lower gas vapor pressures.

Yield (MJ)
°

Yield (MJ)

0
4 0 10 20 30 40
Ice surface rms (um) Ablator surface rms (nm)
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Au hohlraum

250 eV NIF Hohlraum

A ‘ H/He @ 1.25 mg/cc

Relative energy
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FIG. 2-16. (Color) 2D LASNEX calculations of NIF ignition targets are E=1.3MJ
performed in order to accurately model the laser propagation and collisional P=410 TW
absorption, the hohlraum, and the capsu&.The initial numerical grid Yield =16 MJ
from a typical calculationKrauseret al, 1996 of the PT ignition point

design.(b) The numerical grid and material boundaries near the peak of the 300 eV NIF Hohlraum
laser pulse. The numerical grid for the interior of the fusion capsule is not
shown but is included in the calculation. The color tables for the laser rays
indicate the remaining fraction of the incident laser energy. Most of the laser
energy is transmitted through the H/He gas fill and is absorbed in the Au
wall.

I H/He @ 1.25 mg/cc

2.16 mm

5.52 mm
| 2.76 mm |

l<

ing of the beams. A number of effects determine the intrinsic

symmetry change in time: the LEH shrinks, the laser spots

move due to plasma evolution, and the spots become less

bright relative to the overall hohlraum brightness because of

the changing albedo of the hohlraum wé#Wilson et al, Efgb%mr‘\’v

1998; Haaret al, 2000. Yield = 5.8 MJ
Shown in Fig. 2-16 is the numerical grid from a typical 350 eV NIF Hohlraum

LASNEX calculation(Krauseret al, 1996 of the baseline

PT ignition target. The upper image is the initial grid. The

lower image is near the peak of the laser power and shows —

the grid, the material boundaries, and the laser rays. The ‘ 1.42 mm

color table for the lower image indicates the fractional ab- —

sorption of the laser rays along their propagation path. This

shows that the laser rays propagate through the H/He gas fill

and are absorbed predominantly in Au near the hohlraum 7.92 mm

wall. The interior grid of the capsule is removed from the ) )
FIG. 2-17. Hohlraum designs have been developed for drive temperatures

lower image but is included in the calculation. ranging from 250 eV to 350 eV. LASNEX 2D calculations have adequate
Adequate symmetry and near 1D burn performance haveymmetry for all three designs shown.

been achieved in such integrated simulations for a variety of
designs at several sizes, with temperatures ranging from 250
to 350 eV. Figure 2-11 shows the 1D and 2D vyield and burrignition designs is primarily a function of these two geomet-
temperature for the PT target and targets scaled from thidgc ratios, and only a weak function of drive temperature
design. (Lindl, 19980, these designs have very similar coupling ef-
Figure 2-17 shows sketches for hohlraums at 250 eV anficiency. If nonlinear plasma physics effects can be ignored,
350 eV in comparison with the hohlraum for the PT capsulethe symmetry is also largely determined by geometric effects
These hohlraums drive the 300 and 350 eV capsules showso the beam geometry also scales. However, for the 350 eV
in Fig. 2-12. The capsule used in the 250 eV hohlraum wasapsule, significant changes to the hohlraum were required,
an earlier design with an initial outer radius=0.123 cm.  even without accounting for possibly worse levels of para-
Below about 300 eV, it is relatively easy to adjust hohlraumsmetric instabilities or filamentation. In order to keep the Au
for various radiation temperatures. The hohlraums for 25@lasma sufficiently far from the capsule blowoff to allow
and 300 eV are essentially geometric scales of each othaymmetry control, it is necessary to increase the hohlraum
with the same ratio of hohlraum-to-capsule size and the sam&ize relative to the capsule. At 350 eV, as shown in Fig. 2-17,
LEH-to-hohlraum diameter. Since the coupling efficiency forthis ratio is a minimum of 3.0 at the hohlraum waist, com-

10.0 mm

+ I H/He @ 1.0 mg/cc I .

4.26 mm
2.56 mm
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pared to 2.5 for the 300- and 250-eV designs. The gas fill iriry that varies betweent-4% (constant until numerically
the hohlraum also must be carefully optimized. With tooswitched and —4% (for the remainder of the pulsero-
little gas fill, the Au wall moves too far and symmetry is duces a marginally acceptable implosidm this, and in all
degraded. With too much fill, the pressure in the gas becomed the following, the P, coefficient is quoted so that the
large enough to cause a pressure spike near the hohlraypeak-to-valley asymmetry in flux is & the number
axis, which degrades symmetry. The optimum for the targequoted) If the switching time is chosen so that the average
shown appears to be about from 1.1 to 1.2 mg/@hHe, asymmetry is zero, the imploded configuration is, on aver-
just a little higher than the baseline of 1.0 mg/cc. The 350 e\age, round but shows a jet. With a swing fren® to —2%,
hohlraum also has relatively larger LEHs, 60% of the hohl-the asymmetry is small. In this case, the peak pressure gen-
raum diameter rather than 50% in the lower temperature desrated in the fuefwhen no thermonuclear burn is allowes
signs. This requirement arises because there is relativelgduced by about 12% compared to a perfectly spherical im-
more radiation-driven blowoff from the lip of the LEH at 350 plosion. The yield(in a burn-on simulationis not reduced
eV, and because the NIF beams are constrained to a minpy the asymmetry.
mum focal size of about 60@m. The larger LEH increases In this simulated implosion with & 2% time-dependent
the radiative loss by almost 50% relative to a design with theasymmetry, the shell is as much as A out-of-round while
smaller hole. at radii between 500 and 10@m. It is as much as 10%
The 350 eV target, by intent, stresses the laser—plasmeut-of-round AR=10 um for R=100um) toward the end
instabilities. The hohlraum interior electron density is from of the implosion. This degree of asymmetry in the implosion
10% to 15% of critical density for most of the laser path. Thecould be measured with a backlighted imaging diagnostic
laser intensity is about 50% higher than for the 300 eV hohlsimilar to those that have been used on Nova as discussed in
raum. The relatively larger spot size and LEH in this hohl-Sec. V.
raum, required because of NIFs focusing limitations, keeps The jetting asymmetry effect is maximizédt a given
the intensity from being as high as it would be for a directpercent of peak flux asymmeirgy having the asymmetry be
geometric scale but this does result in a hohlraum efficiencgonstant for the first part of the pulse and then switching to
penalty. another constant value, with the opposite sign, for the re-
We have imposed a wide variety of asymmetries on 2Dmainder of the pulse. For that kind of time dependence, the
capsule implosions to ensure that the specified asymmetigaseline NIF capsule can tolerate 4% asymmetry as de-
levels are acceptable. Asymmetry can affect ignition in ascribed above. Typical detailed 2D calculations have a more
variety of ways: the obvious kinematic effects of differing gradual variation in asymmetry with a lower average pertur-
velocities; initiation of RT instability growth, especially evi- bation for a given peak.
dent during deceleration; mass flow toward less driven re- If the period of the symmetry swings is shorter, such as
gions, seeding RT instability; irregular hot-spot compressionyould be the case in an experimental program that was de-
sometimes forming jets that protrude from the core and dissigned to obtain a uniform average flux over some fraction of
rupt the imploded configuration; and delayed ignition, resultthe implosion, still larger symmetry swings are tolerable. For
ing in more RT growth. Capsules with a time-varying asym-example, with &, of form
metry cannot be corrected simultaneously in velocity and _ .
position without introducing initial spatial variations in com- Aa(D)=Ao(DzzosiN w(t=to)], 24
position or thickness. Azimuthal variations in radial velocity whereAg(t) is the total flux,w= 7 (a 2 ns periofl implosion
introduce azimuthal pressure variations, which generate azsymmetry is tolerable witl »y larger than 10%. The timig),
muthal mass flow. For small-amplitude or short-duration in-which is present to set the phase of the time dependence, also
tensity variations, these effects are largely reversible if theaffects the averaglk, because of théy(t) time dependence.
sign of the flux variations is reversed to give a uniform time-The choice o, must be such that the average asymmetry is
averaged flux. However, after an azimuthal flux variationabout 1% or less. This is the only significant effect we see if
that persists for a substantial fraction of the pulse, subsewe change the phagg. If the sinusoidally time-dependent
qguent reversal of the flux nonuniformity will not adequately asymmetry is too large, the failure mechanism for this short-
remove the effects of the earlier asymmetry. If the effect ofduration asymmetry is a jet coming from the center of the
the asymmetry is tuned so that the capsule is spherical amnplosion outward, as a result of irregular shock conver-
ignition, then velocity and density generally will vary from gence in the center, rather than the azimuthal mass variation
pole to waist. If the capsule is tuned to minimize velocity seen for the longer duration asymmetry described above.
and density variations at ignition, then the implosion will be The maximum tolerable asymmetry levels for the 300
asymmetric. Excessive time-dependent asymmetry can caus®' peak-temperature ignition-hohlraum drives are approxi-
jetting of material in the azimuthal direction. The maximum mately (Jones, 1998; Pollainet al., 2001 1% for the time-
tolerable asymmetry depends on its temporal and spatial sp@tegratedP,, 10/7(n9% for the time-depender®, aver-
cifics. In summary, the capsule can tolerate less than aboaiged over any time intervat, from 0.25% to 0.5% for the
1% time-averaged asymmetry, from 5% to 10% time-time-integrated®,, Pg, andPg. Averaging over just the 10
dependent swings in asymmetry that last for about 2 ns, ands foot of the NIF pulse, the tolerable asymmetry levels are
larger swings if they last much less than 2 ns. from 1% to 2% for mode®, throughPg and from 0.5% to
The maximum tolerable asymmetry depends on temporal.0% for modePg. The range in requirements reflects the
and spatial specifics. In detailed simulation®? aasymme- fact that ignition also depends on reducing imbalances and

Downloaded 20 Mar 2011 to 69.181.48.121. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Phys. Plasmas, Vol. 11, No. 2, February 2004 The physics basis for ignition using indirect-drive . . . 361

TABLE Il —2. Several parameters are available to control symmetry with two cones of beams.

P2 (%)° P4 (%)°
Power balance inner vs outer
Change inner/outer power by 5% Foot 1.7 -0.4
Peak 1.0 -0.1
Hohlraum aspect rati¢fixed hohlraum area and
LEH, beams central in LEH
Make hohlraum 10Q:m longer Foot 1.8 1.6
Peak 1.6 0.7
Make hohlraum 10Qum longer, use power to corret, change Foot 2.0
Peak 0.8
Outer beam pointing
Move spots 10Qum out Foot 1.2 1.2
Peak 1.2 0.5
Inner beam pointing
Move spots 10Qum out Foot 1.4 —-1.2
Peak 0.9 -05

®Estimates made using the Walle 3D view factor radiation transport code.

inefficiencies on other laser and target parameters; henceematic variations from beamline to beamline and random
tolerances on asymmetries are partially dependent on tolevariations. The systematic variations arise from component
ances on other specifications. differences in the beamlines, such as transmission of optics
Since LEH effects and laser-spot motion from refraction,and frequency-conversion crystal thickness, which are re-
wall blowoff, and LPI are the primary causes of time- peatable from shot to shot. The random variations arise from
dependent asymmetry, the issue for the NIF is whether unsuch things as amplifier gain, which can vary from shot to
certainty in these variations could lead to a failed implosionshot. The NIF is configured to have 48 quads. The four
Experimental measurements of the wall loss and laser-spdieamlets in each quad are all driven with a single preamp-
position on Nova establish the time-dependent asymmetry tlifier module. Because of this the power in each beamlet is
a few percent. Similar experiments can be done on the NIFot completely independent of the other beamlets in a quad.
Further, as discussed in Sec. V, several techniques were deach of the beamlets in a quad is independently pointed, but
veloped on Nova that would apply to the NIF for directly the spots from each beamlet in a quad partially overlap on
measuring the time-dependent asymmetry on the capsule. the hohlraum wall. Figure 2-19 shows the power imbalance
We find little variation in sensitivity to asymmetry calculated by the model. Power imbalance is reduced late in
among the various targets. Smaller capsules are slightly motthe pulse because of saturation effects in theoltput and
sensitive to asymmetries that couple to deceleration RTeduced sensitivity to & power imbalance in the frequency
growth. The difference is not large, and symmetry sensitivityconversion crystals near peak power.
is not an issue that is important in deciding the overall
tradeoffs of laser size and power. Varying the hohlraum size,

with a given capsule, is the symmetry issue likely to be more
important in the tradeoffs. 121
Both view factor and 2D detailed, integrated calculations
have been carried out to evaluate the sensitivity of symmetry 101
to changes in hohlraum geometry and beam cone positions.A i
Table 1I-2 gives the results for the view factor calculations, 2 o
which are generally consistent with analytical analysis such & 6l
as Eq.(5-14) in Sec. V. o
Figure 2-18 shows an example of the 2D sensitivity de- > al
termined from the integrated calculations, in this case for a =
Be-ablator target driven with a step laser power profile. The 2l (Holhraum length adjusted) —
target can tolerate beam movement of the average ring loca-
tion of =200 um, well outside the expected deviation, given 0 ' ' ' L '
the pointing specification on the laser. —600 400 -200 a 200 400 000
To estimate the sensitivity of NIF ignition targets to ran- Change in separation of spots (As, um)

dom pointing and power imbalance between the beams, and , , _
F|G. 2-18. Integrated calculations are being used to confirm acceptable

to set the specifications on components and NIF Subsystemssénsitivity to pointing. Laser ring separation contrBls. The pointing sen-

a model of the performancg of NIF b_eam”nes was developediyity is large enough that we can use it to contRyl, but small enough
(NTIS Document, 1998 This model incorporates both sys- for the specified pointing accuracy.
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0.08 the hohlraum albedos are lower during the foot, there is a
E larger flux asymmetry on the capsule for a given power im-
0.07} oeanto-heam balance during the foot than during the peak. The average
i quad-power imbalance during the foot of the pulse is ap-
o 0.08] proximately 4% and about 3% during the peak. Thus the
= E resulting power imbalance at the capsule will be about 0.6%
E 0.05 | “>—quad-to-quad ' ‘\\ , dgrmg the foqt and 0.2% dgnng the peak. Figure 2k20
£ : e e “xt i gives the fractional contribution of each Legendre mode to
v 004F " === ==-=- pedim = total variance of the capsule flux due to power imbalance.
@ i L} e . . . .
E “intragquad R k,,-’ A\ This shows that the effect of power imbalance is predomi-
& 0.03 . nantly in very low-order modes.
E i The other contributor to random flux asymmetry is
= ogozf pointing errors. Figure 2-2&) shows the rms flux asymme-
- try on the capsule as a function of rms quad pointing error.
0.01 The NIF specification for allowable beam-to-beam pointing
B errors is 50um. If we assume that the pointing errors are
U:; B - = uncorrelated, then a 50m, beam-to-beam error corresponds
Time (1s) to a 25um quaq-to—quad error. The corresponding capsule
o, flux asymmetry is about 0.4% during the foot and less than

0.2% during the peak. It is likely that there will be some
FIG. 2-19. (Colon The calculated total rms power imbalance vs time on Sources of pointing error that are common to beams within a
NIF for a 1.8 MJ scale of the PT pulse meets the power balance functionajuad. However, the breakdown has not been determined at
requirements specified in Table I1-1. this time. Figure 2-2(b) shows fractional contribution by
Legendre mode.
Asymmetries might also arise from LPI processes, which
Given the power imbalance in Fig. 2-19, the 3D view- are currently predicted not to be significant, but for which

factor code GertigKirkpatrick and Wingate, 1980; Bailey, uncertainty remains. Light can be scattered, or it can be ab-
1981; Munro and Zimmerman, 1993 used to estimate flux sorbed, with different efficiencies at different positions in the
asymmetry on the capsule. Figure 2@0shows the sensi- hohlraum. The effect in all cases is equivalent to a power-
tivity of total rms capsule flux to the amount of quad-to-quadbalance change, a movement of the x-ray emission spots, or
power imbalance using the viewfactors midway through theperhaps a spreading of the laser-deposition s{fotssmall-
foot and peak of the pulse. Because the capsule is larger arahgle side-scatteringDifficulties arise only if these effects

(a) (b)

0.012 0.7
0.010 0.6 B Foot
© I Peak
- o
= E 0.5
= 0.008 — Foot -
& ]
5 a
E 2 04
E o.008 =
: E
5 Peak -] *_b'; o
E 0.004 (— B o E
- =
= e E 0.2
- e
0.002 — =
T 0.1
-
-
uu i 2 ; 4 5 6 7 8 0 : :
i ap 1 2 3 4 5 6 7 8
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FIG. 2-20.(Color (a) The rms capsule-flux asymmetry as a function of amount of quad-to-quad power imbalance. The red and green squares indicate the rms
quad power imbalance estimated for NIF from Fig. 2-19.Fractional contribution of each Legendre mode to total variance of the capsule flux due to power
imbalance.
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FIG. 2-21. (Color (a) The rms capsule-flux asymmetry as a function of quad-to-quad pointing errors. The red and green squares indicate the estimated
quad-to-quad pointing error for NIfb) Fractional contribution of each Legendre mode to total variance of the capsule flux due to beam pointing errors.

are sufficiently large that their irreproducible part is larger ~ The baseline hohlraum designs use Au for the hohlraum
than the limits described above. If any of these processewall material in order to relate to the predominant Nova da-
occur but are reproducible and not too large, the effect can bebase. Modeling and experiments, discussed in Sec. IV, in-
mitigated by changing the hohlraum design parameterdicate that the hohlraum wall losses can be decreased sub-
Based on Nova experiments and modeling, we expect thatantially by using mixtures of materials. Losses into the
these processes can be kept within acceptable limits for 30Bohlraum wall are dominated by photon energies at which
eV hohlraums. If we cannot do this for the 300 eV PT targetthe opacity is relatively low. By using materials for which
we can increase the hohlraum size, reduce the laser intensity,

and correspondingly reduce the hohlraum drive temperaturcLaser scatiering LEH loss

to the 250 eV design, which has significantly less plasma. loss

3

D. Hohlraums and capsules for enhanced
performance from NIF

The NIF hohlraums described above used the concept: o
most thoroughly tested on Nova and used relatively conser R
vative assumptions for hohlraum materials, LEH sizes, and ; ‘
hohlraum geometry. Advances in target physics understand

ing makes it feasible to develop hohlraum designs with im- wall loss
proved coupling efficiencySuteret al, 2000. 1.8 MJ laser light
As described above, the baseline NIF targets require 0.45 MJ contingency
about 1.3 MJ of laser light absorbed into the hohlraum. This 1.35 MJ in hohlraum
allows a margin of about 33% in energy to accommodate 1.1 MJ x-rays
losses due to LPI and hohlraum coupling uncertainties. Nove 0.85 MJ - wall
0.30 MJ - holes

experiments on surrogate plasmas discussed in Sec. Ill indi
cate that, with adequate beam smoothing, it may be possiblc
tq kgep_LPI losses tGES%_lO%'_ F!gure 2-22 shows _the FIG. 2-22.(Color) The NIF “point design” achieves a calculated coupling
distribution of energy for a NIF ignition target. Including efficiency to the fuel capsule of 8.3% relative to 1.8 MJ of laser output or
0.45 MJ for contingency, the overall coupling efficiency 11% relative to a calculated 1.3 MJ of absorbed energy. Recent advances in

from the 1.8 MJ output to the 0.15 MJ capsule is 8.3%. It istarget physics project coupling efficiencies of 20% to 30%. These calcula-
i} ) ) ) tions rely on material mixtures to reduce hohlraum-wall losses and im-

likely that th? hohlraum efficiency can be significantly in- ;oved understanding of hohiraum symmetry to reduce case-to-capsule area
creased as discussed below. ratios and LEH areas.

0.15 MJ - capsule

Downloaded 20 Mar 2011 to 69.181.48.121. Redistribution subject to AIP license or copyright; see http:/pop.aip.org/about/rights_and_permissions



364 Phys. Plasmas, Vol. 11, No. 2, February 2004 Lindl et al.

the high opacity photon energies of one material overlap the
low opacity photon energies of another material, calculationg
indicate that wall losses can be reduced by as much as on

11/5° 1117
Performance | Performance

third. Because the dominant sink of energy is the hohlraum} e point design 1.8 MJ 1.8 MJ
wall, reducing the loss has large leverage on the overall ef{ (309 eV, 3.5 ns) 500 TW 500TW
ficiency.

For the same reason, decreasing the hohlraum size reld Longer pulse design 2.1 M 250
tive to the capsule size can have large leverage. The NIF region (250 eV, 7.5 ns) 260 TW 330TW

baseline hohlraum size was chosen in order to maximiz

. . . “11/5 and 117 refer to the number of laser slabs in the MIF main amplifier
confidence in the capsule-flux symmetry. Recent calculations sng hacster ampiitier, The NIF design can sccommeodate aitber.
indicate that it may be possible under some circumstances ti
reduce the hohlraum area by 20% or more and maintain ad x_ oc T150 062
equate symmetry. The higher albedos of the hohlraum wall T >
obtained with mixtures can also help reduce the source leve
for asymmetry, allowing a concomitant decrease in case-to-
capsule ratio. The laser LEHs were made larger than neces
sary for many of the hohlraum designs, to insure beam clear.

wall

RN

ance. Calculations indicate that the LEH losses can be | 1 _
reduced by as much as 40% in some designs. > X A

These improvements in hohlraum-coupling efficiency 330 TW m
are more accessible for targets with lower peak-drive tem-
perature. At the highest drive temperatures considered likely E e ';r-' t
on NIF, about 350 eV, the only likely improvement is the use capsule
of mixtures for the wall material. There appears to be little E - TI 45 T 052
room to decrease the LEH size or the case-to-capsule ratio ¢ wall = X = !
the higher temperatures. At the other extreme, these possibl . agoy,
improvements may make it possible to implode significantly __'F-L-:-.pu le oo 07 po38 > improvement
larger capsules at 250 eV. Then, an additional advantage als E 2 in new regime

appears possible: the lower hohlraum temperatures anc hrall
larger capsules require lower power and longer pulse output
from the laser. This results in additional energy being pOSSiHG- 2-23.(Color) At longer pulses, N_IF_is capable of delivering more I_a_ser
ny available from the laser. As indicated in Fig. 2-23, |Onger§nergy and the longer pulses result in improved capsule coupling efficiency
. ecause of higher hohlraum wall albedo.
pulses may result in more output energy from NIF and also
result in improved coupling efficiency. For the point-design
capsule operating at 300 eV, the NIF laser is being designed
to deliver 1.8 MJ and 500 TW in an effective high-power energy required to drive this capsule. Figure 2a2Shows
pulse length of 3.6 ns. For a 7.5 ns equivalent high-powethat it would be impossible to drive this capsule in NIF with
pulse suitable for a capsule operating at 250 eV and absorla standard hohlraum: this calculation uses a pure Au hohl-
ing 600 kJ, the NIF is capable of an output energy from 2.Iraum, a standard LEH, and a standard ratio of the hohlraum
to 2.5 MJ. The larger output utilizes two additional lasersize to capsule size. This target would require 3.3 MJ of x
slabs in the NIF output amplifiers. The two columns in therays and from 3.8 to 4.0 MJ of laser light, well beyond NIFs
table refer to the number of laser slabs in the main amplifiercapabilities. Figure 2-256) shows that this is reduced to 2.3
11 in both cases, and the booster amplifier, either five oMJ by using an optimal mixture of materials for the wall and
seven. NIF is being designed so that the additional slabs caallowing the LEH to close during the pulse. If the hohlraum
be added. The shorter, higher power pulse of the nominalimensions and LEH diameter are reduced by 10%, the total
hohlraum target does not benefit from the added slabs be«ray energy is further reduced to 2.0 MJ as indicated in Fig.
cause the output is more limited by the output damage flu2-25c). The absorbed laser light required is from 2.3 to 2.4
ence than by the stored energy available. The ability to utiMJ and this is within NIFs capabilities if the laser scattering
lize this increased energy will depend on advancesdn 3 losses are limited from 5% to 10%. Although the symmetry
optical damage, a topic of current research. Also for thenas not yet been optimized and is worse than for the NIF
larger longer-pulse hohlraums, the hohlraum wall loss is furbaseline target, integrated calculations of the hohlraum and
ther reduced because of an increase in albedo as indicateddapsule have achieved near 1D yields with all the changes
the sketch in Fig. 2-23. Because the ratio of the capsuléndicated in Fig. 2-2&). Although significantly more work
energy to wall loss scales approximatelyTds'7-38 as dis- is required both in target design and in experiments, these
cussed in Sec. 1V, the coupling efficiency is improved byenergetic improvements would move us far above the igni-
about 15% for the higher energy, lower temperature designtion threshold on NIF for both 250 eV and 300 eV capsules
These ideas have been applied to the 600 kJ capsukes indicated in Fig. 2-26. The gains of 30 to 60 for the 250
shown in Fig. 2-24, which is capable of yields of 70 to 150eV capsule are approaching those required for inertial fusion
MJ depending on pulse shape. Figure 2-25 shows the x-ragnergy(IFE) applications.
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t(ns) FIG. 2-24. With improved hohlraum coupling effi-
ciency, it may be possible to drive a 250 eV Be design
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Ill. LASER—PLASMA INTERACTIONS IN NIF-SCALE %O_lncm 1021 Cm*‘?’ where the critical density Ne
PLASMAS =10\ "2 cm 2 with \ the laser wavelength in microns
A. Introduction to laser—plasma interactions in NIF- through which the @ (ANg=351nm) laser beams must
scale plasmas propagate before they are absorbed at the hohlraum wall. The

The success of an indirect-drive ICF ignition experiment/ight @bsorption ratey a»s=nNevei/2n. where the electron—ion
depends on the ability to predict and control the temporafollision frequency,ve=(4\27/3Ym.T3)T;n;Z7e* In(A),
and spatial absorption of the laser light by the higplasma  depends on the electron density,, the electron tempera-
at the hohlraum wall. The hohlraum size and long time scaldure, T, and the charge stat& and densityn; of each ion
(~10-20 ns) required for ignition targets result in the pres-species. Herem, is the electron mass is the electron
ence of several millimeters of plasnialectron densityn, ~ charge,n, is the critical density, and I is the Coulomb

X-ray energy requirements vs. time

(a) (b)

[ Baseline Case/capsule area [ Baseline Case/capsule area
X Au Hohlraum I Cocktail Hohlraum
3 50% LEH [ Closing 50% LEH

w
T

- L
2 -
2 .f
g 2f

2.3 MJ x-rays

3.3 MJ x-rays

e B L FIG. 2-25. Use of cocktails, LEH reduction, and
0 5 10 15 20 0 5 10 15 20 smaller case-to-capsule area ratio leads to reduced ra-
t(ns) diation requirements, which might make a 600 kJ
(c) absorbed-energy capsule feasible on NIF.
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3 | Closing 50% LEH

=
2 2F — Total
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Possible designs ponderomotive pressure. Since the light waves are refracted
Original point design 300kJ, 300eV towards the lowered density, the laser propagation is modi-
(150kdJ, 300eV) 500kJ. 250eV fied by the self-consistent density response to the laser’s in-
A ﬁ.' S — tensity profile. With sufficient power, the entire beam can
self-focus(Max, 1976; Anderson and Bonnedal, 1979; Cog-
geshallet al, 1988, or perturbations to the beam intensity
can grow exponentially giving rise to filamentation and beam
breakup. The concentration of the laser power by refraction
into the lowered density is opposed by diffraction. The re-
lated process of beam deflection is influenced by filamenta-
- tion in flowing plasma.
i In many laser-produced plasmas, SBS and SRS are lim-
] [ ited by plasma inhomogeneifKruer, 1988. However, hy-
Py IR PRy BRI SN L drodynamic simulations show the NIF ignition hohlraum
0 200 400  GOO 800 1000 plasma to be very uniforrfdensity-gradient scale length,
Capsule energy (kJ) =ng(dng/dx) ~t~2 mm wheren, is the electron density
and to exhibit low velocity gradien{selocity-gradient scale
length L,=C(dv/dx) 1>6 mm whereC, is the sound
FIG. 2-26. (Color) Improvements in target physics and 11/7 amplifiers will speed and is the flow velocity (Kruer, 199). Thus, in the
move us far abqve the_i_gnition threshold_ on N(EL/7 refers to _11 laser plasmas expected in the NIF hohlraums, either wave damp-
slabs in the main amplifier and 7 slabs in the booster amplifier. An 11/5. . . . .
configuration has 5 slabs in the booster. ing, pump depletion, or nonlinear saturation mechanisms
would be the primary limitations on instability growth. Some
of the 351 nm Nova interaction experiments in homogeneous
logarithm. The laser light is strongly absorbed in the high- low-density plasmas have shown as much as 35% of the
plasma near the wall but weakly absorbed in the Ibwas  incident laser energy backscattered as SBS; in other experi-
fill. ments, SRS-reflected energy fractions as high as 25% have
The propagation of the beams to the hohlraum wall carbeen observed. Although these extreme cases represent scat-
be affected by various laser scattering and self-focudfittg ~ tering from plasmas that have less linear damping of insta-
mentation processes within the low-density plasma insidebilities than is expected in the NIF plasma, they illustrate the
the hohlraum. For example, while traversing such a plasmapotential of parametric instabilities to cause problems. This
the incoming light wave can resonantly decay into a backamount of backscattering would obviously reduce coupling
scattered light wave and an internal mode of the plasmédo the hohlraum wall, reducing the x-ray drive and increasing
either an ion sound wave or an electron plasma wave. Ththe laser energy required to drive a target to ignition. In
backscattered light wave can beat with the incident lightaddition, in a number of experiments on the Nova laser fa-
wave at a frequency that pumps the internal mode; this prosility, the backscatter at relatively low laser intensity, al-
cess can increase the amplitude of the plasma wave, increagough not energetically significant(1%) and lower than
ing its scattering efficiency. Hence an unstable feedback loopt higher laser intensities for similar conditions, was much
is formed that can cause the amplitudes of the internal modirger than expected from linear instability theory. SRS could
and scattered light waves to grow exponentially on timecause additional problems, because the process not only
scales of 0.1 to 10 ps. For scattering from ion sound wavesdfansfers energy into backscattered light and electron plasma
these parametric scattering instabilities are stimulated Brilwaves but also produces suprathermal electrons with tens of
louin scattering(SBS); for scattering from electron plasma keV energy(Glenzeret al., 1998. Significant energy scatter-
waves, they are stimulated Raman scatte(f®BS (Rosen- ing due to instabilities such as SBS and SRS, if it varied
bluth and Sagdeev, 1991Both of these instabilities can lead randomly from beam to beam, would also make it more dif-
to undesirable effects, including significant amounts of lightficult to meet the NIF power-balance specification<o8%
reflecting from the plasma or shining directly onto the cap-rms variation in power between beams, which is needed to
sule, spoiling the illumination symmetry. Also, the damping meet the symmetry requirements for a high-convergence im-
of high-phase-velocity plasma waves can produce energetiglosion (Lindl, 1995; Haaret al, 1995; Lindl, 1998.
electrons capable of preheating the fusion fuel and reducing
its compressibility(Lindl, 19989. B. Theory and code development for NIF plasmas
Another instability, filamentation or self-focusingo- )
henet al, 1991, that can affect laser beam propagation, oc-1- Linear theory
curs when individual speckléshot spots”) within the beam The resonant three-wave instabilities, SBS and SRS, re-
self-induce refractive index changes. The ponderomotivejuire phase matching in time and space, which imposes fre-
pressure of the laser depresses the plasma density approgisency and wave-number matching conditions. In turn, these
mately in proportion to the local laser intensity. Additionally, conditions make the instabilities sensitive to spatial inhomo-
the creation of these density channels by the laser is reirgeneity and temporal incoherence.
forced by localized laser deposition, which creates electron The wave-number-matching condition for SBS requires
temperature and thermal pressure perturbations in phase withat
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ko=KstKia, (3-1  wherew, andk, are the frequency and wave number of the
Langmuir electron plasma wave. The plasma frequency in-
troduces density dependence, and the electron thermal veloc-
ﬁy, ve, iNntroduces temperature dependence. The incident and
scattered wave numbers are related by energy and momen-
tum conservation

wherek, and kg are the incident and scattered light wave
vectors, respectively, in the plasma. The wave number of th
ion—acoustic wavek;, has a magnitude equal tokg for
direct backscatteringsinceks~ —kg), wherek, is related to
the vacuum wave numbe,,.= wy/c=2m/\y of the inci-
dent laser light by wo= wst Wy, (3-89

ko=Kyad 1—Ne/nc)"?, (3-2 ko=kKetKe, (3-9

wheren, is the local electron density, is the critical den-  wherek,(w,) andky(ws) are the incident and scattered light
Sity, andc is the Speed of I|ght This is a minor correction for wave Vectors(frequencieﬁ The Wave]ength of the scattered
densities near Ort . light that satisfies these conditions is strongly dependent on
The resonance matching depends most strongly on thgensity and less strongly dependent on electron temperature.
sound speed and Mach number of the plasma in which the A yseful measure of the probability for SRS and SBS is
Scattering is OCCUI’ring. The ion—acoustic wave diSperSion refhe gain exponent for |inear amp"fication_ For Weak|y inho_

lation in a cold ion plasmd;<Z;Te, whereT;, Te is the  mogeneous plasmas, the intensity gain exponent is given by
ion/electron temperature, ard} is the charge state of ion -
1 Kgvg f | ( Xe(1+Xi)
path

speciesg, is Glwy)
We)=— —& y
, , ¥ 4 vgews e(ks—Kg,ws— wp)
w2=k2>\De; w?;, (3-3 (3-10
. ) wheree =1+ .+ x; is the dielectric function for the plasma
_ 2.2 1/2 € I

where wy;=(47n;Zje’/m;)"* is the ion plasma frequency ave of frequencyw,— w, and wave numbek,—k,. The
for ion specieg of number densityn;, and massn;, Ape  gain peaks at those frequencies for which the dielectric func-
:”e/“’pez 1S llzt_he electron  Debye length, wpe o is nearly zero, i.e., when the light scatters from a natural
=(4mnee”/me)~* is the electron plasma frequency, amd e of oscillation of the plasma, such as an ion—acoustic or
=/Te/M, is the electron thermal velocity. In the single spe- Langmuir wave.
cies limit and forkh pe<<1, Zn=ne, and the familiar disper- For ponderomotively driven SBS, the intensity gain ex-
sion relation is recovered, w=KkA\pewp;=kCq ponent is
=k(ZTs/m;)*2, whereCj is the sound speed.

Although most of the incident photon energy goes into 2
the backscattered photon, the ion—acoustic wave takes away Ggge==-—5— — —L (3-11)
some energy according to

Wo= Wt Wiy ; (3-4  and for SRS, it s,

the frequency shiflw in the scattered light wave for direct

. ; 1 kK3
backscatter is therefore approximately V0 ¥¢ %o

=— 3-12
SRS™ 8 wow, vy Vg ( )

Ao=wi3~2k,Cs (3-5 e . . .
o . where the fluid limit of the plasma dispersion function has
resulting in a wavelength shift been used. Here,, is the oscillatory velocity of an electron
AN=2\ ol 1—no/ng)Y2C, /e, (3-69  inthe laser electric field, and is the smaller of the plasma

length or, in an inhomogeneous plasma, the length over

in a stationary plasma. For a plasma flowing towards thgyhich the three-wave resonance is maintained. The group
observer with Mach numbevl =v/Cs, one observes an ad- yelocities of the laser light and the Brillouin and Raman

ditional Doppler shift with combined effect scattered light arevg, vy, vgr, respectively, and g
" =c%ko/wg, vgp=Cs, andvy,= 3k w3/ w, in the fluid limit.
AN~2Nyad1—Ne/Ng) 7 (1-M)Cs/c. (3-6b  The important parameters are the laser intensity, the electron

In a mixture of light and heavy species, the sound speed, arl§mperature, the electron density, the relevant damping rate,
thus the wavelength shift in Eq3-6), will be determined and the lengthL over which the matching conditions are
predominantly by the heavy species charge-to-mass ratio affjaintained. The damping ratg, for the plasma wave of
the electron temperaturéThis is not true if the heavy spe- frequencyw, that Raman scatters the light is very sensitive
cies is a very small fraction. to khpe, the product of the wave number and the Debye
The wavelength of the SRS optical light carries informa-ength. Ifk Ape<<0.2, the Landau damping is very small but
tion about the density and temperature of the plasma frorollisional damping remains. In sub-keV electron tempera-
which it scattered because the electron plasma wave froftire plasmas, this collisional rate may be significant. In NIF
which it scatters must satisfy the dispersion relation, given iff€levant 3 to 6 keV plasmas, this collisional damping rate is

the fluid limit (k,Ape<<1) by very weak. The damping ratg, for the acoustic wave that
, - Brillouin scatters the light is weak for single species plasmas
W= wpet 3veky, (B-7 it zT,/T;>1, e.g., for a Au plasma because there are few
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FIG. 3-1. (Color) A schematic of a NIF hohlraum with a capsule and an inner and an outer ring of beams are shown. Also shown are the electron density and
temperature along the path of the outarand inner(b) beams. There are distinct lodrand highZ NIF plasma conditions of concern for LPI. The Id&&v-

gas fill is most important for the NIF inner beams which have a longer pathlength at somewhat higher density than the outer beam& fibleltsgh-wall

plasma is most important for the outer beams which have higher intensity near the hohlraum wall than the inner beams. The interface betwgdiil the low-
and the gold blowoff is indicated by change in color to yellow from blue or red.

ions with velocities near the phase veloc@y. For mixed beam path and 30 for SBS along the outer-beam path for the
species plasmas, especially ones with significant percentagpsint design(Powerset al, 1995.

of protons as in some NIF hohlraums gasfills, the damping is  Some of the spectral features of the SBS gain calcula-
typically strong, namely ,/»,=0.1 because there are many tions and differences between the inner-beam and outer-
protons at the phase velocity. Because both the growth angeam cases can be understood in terms of the plasma condi-
saturation of SRS and SBS depend on these damping rategns under which the scattering would occur. For instance,
the scaling of results from current experiments to NIF is,:ig_ 3-1 indicates that the inner beams traverse a longer
complex. In order to minimize the scaling required, the Novalength of low-density fill plasma than the outer beams. The
LPI experiments were designed to reproduce the NIF igniqnq speeds in Au and He/H are very different, because the
tion hohlraum plasma conditions as closely as possible. sound speed is proportional f6Z.T.+3T,)/A]Y2 and Au is

The current NIF point design in Fig. 2-1 has two cones ; .
; . a heavy atom {<A/2) that is not completely ionized.e.,
of beams on each side of the hohlraum. Figuregz-and Z<Z.uceud While the lowZ plasma is fully ionized and has

3-1(b) show the density and electron temperature along th ;

out(er)- and inner-beamypaths at the time oﬁ‘) peak powergla. =A2 (I;oordet al, 2000. Typical sound speeds are from 3

ns. The absolute and relative amount of He and H gas in th 0 410" cm/s for Au and from 6 to X 10 cm/s. for He/H
jor the temperaturesTe=3-6 keV) expected in the NIF

hohlraum interior are design options. The laser beam inten T ,
sity along the beam paths for the inner and outer beams afd@Sma. The shifts in wavelength for SBS backscattering
shown in Fig. 3-2 along with the electron density. from Au and He/H are then 7 and 14 A, respectively, for

The output from the 2D LASNEX(Zimmerman and Stationary plasmas. Flows in the plasma will also shift the
Kruer, 1975 radiation-hydrodynamics simulations of the Scattered-light wavelength according to the«(l) term in
NIF target can be analyzed with the Laser Interactions witHEd- (3-60. The SBS gain peaks at a wavelength ok
Plasma post-processdﬂp) (Bergeret al, 1989 to obtain ~14 A for the inner-beam case because most of the gain
the total gain exponent for SBS and SR&ys. (3-11) and  occurs in the nearly stationary He/H mixture; for the outer
(3-12)] as a function of time and scattered-light wavelength.beam, which has less path length in the [@awslasma, the
The calculated peak gain exponents along the path of a Bhain spectral feature is a narrow gain spikeMat~7 A
X 10' W/cm? NIF beam are 25 for SRS along the inner- because most of the gain occurs in the Au plasma.
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FIG. 3-2.(Color) A schematic of a NIF hohlraum with a capsule and an irfbkre) and an outetgreen ring of beams are shown. Also shown are the electron
density and laser intensity along the path of the outer and inner beamd./gtener and outer NIF beam quads interact with NIF plasmas at average
irradiances of<2x 10™ W/cn?. The linear gain for stimulated Raman scattering is maximum in theZamterior for the NIF inner beams while gain for
the outer beams is maximum for stimulated Brillouin scattering in the Higiohlraum blowoff. The interface between the I@fill and the gold blowoff

is indicated by change in line color to yellow from blue or green.

The large outer-beam SBS gain occurs in the Au plasmas) but the Landau damping rate is nonetheless much higher
with a peak gain exponent of 30. The gain peak in the inner{v/w~0.1) than in the pure Au plasma wherfw~0.01. In
beam case represents gain in the Byplasma with a peak NIF hohlraums and in typical Nova hohlraumg,/ T~ 1/2
gain exponent of 20. Although there is a small amount ofwhich means that the acoustic waves in the Byplasma
gain in the Au in the inner-beam case, the main SBS threat iwill be strongly damped. Thomson scattering experiments on
from the lowZ fill gas. Hence the SBS problem is decom- Nova have confirmed the existence of these two acoustic
posed into a higtZ problem, which is best addressed in ex- modes(Glenzeret al,, 1996; Glenzeet al., 1997. Further-
periments with Au walls, typically standard Nova hohlraumsmore, the shape of the ion feature from two species plasmas
and a lowZ plasma SBS problem, which can be addressed itan be used to determine the ion temperature as well as
larger gas-filled hohlraums or with open-geometry gas tarZT./A (Glenzeret al, 1999.
gets called gasbags. In NIF hohlraums, the fill gas is a mixture of He and H

For the Nova experiments, the ladrgas fills were pri-  for which the ion wave damping at the ion and electron tem-
marily hydrocarbons which, when fully ionized, had a rangeperatures expected may be larger than the ion damping in
of densities from about 0.03 to 0.1%,, wheren. is the  hydrocarbon plasmas used on NoWdoody et al). This
critical density for 351 nm laser light. In such mixtur@au level of damping reduces the linear SBS gain exponents for
et al, 1994; Williamset al, 1995, the ion temperature for the low-Z gas region in NIF hohlraums. However, this heavy
each species is nearly the same with the consequence thdamping affects the threshold of the Langmuir decay insta-
there are many light hydrogen ions at the phase velocity obility (LDI), one of the channels by which SRS could satu-
the ion—acoustic wave, thereby Landau damping the waveate, and the two ion wave decay, one of the channels by
There are in fact two modes, the usual fast wave with phasehich SBS could saturate, as is discussed in Sec Il B 3. By
velocity, Csi~(ZT./A)Y? with Z/AZEZJ-ZIAJ-/EZJ- and a changing the ratio of H to He, the damping rate could be
slow wave with phase velocit@s<~(T;/A)Y2 The acoustic adjusted as shown in Fig. 3-3 to vary SRS or SBS. Some of
wave damping is sensitive to the ratio of the ion to electrorthe last gasbag experiments on Nova used HeH mixtures.
temperature. Shown in Fig. 3-3 is the calculated ratio of the  When the laser beams reach the Au plasma they are ab-
damping rate to the frequency of the least damped wave, fasorbed by inverse bremsstrahlung, or collisional, absorption
a variety of gas mixtures in Nova gasbags and in NIF hohlin a short distancel(,,= ¢/v 4pe= 300 to 500um) in a region
raums. In the Nova gasbags, the fast wave is least dampeuith steep density gradients. Since SRS gain is higher in
(T;/To<0.2 in GH, at an electron density of @l upto 1  large, homogeneous regions with shallow density gradients,
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FIG. 3-3. (Colorn The ratio of the damping rate to the frequency of the least-damped ion acoustic wave is shown as a function of the ratio of the ion
temperature over the electron temperatieé-hand figurg¢ and as a function of the percentage of protons in a helium—hydrogen mixiginehand figurg
The damping rate is defined as the rate that yields the correct steady-state stimulated Brillouin gain exponent.

most of the calculated SRS gain is in the low-density, Ibw- The /8 focusing geometry planned for the NIF will have
plasma. Beams in the inner cone have a calculated maximuspeckles 18Qum long for 351 nm light, contrasting with 50
SRS gain exponent of 26 while the outer beams gave an SR@n speckles for thé/4.3 optics normally used at the LLNL
gain of 11. The inner beams have more gain because theyova laser. This effect is shown in the simulati®erger
have longer paths in the lo&-plasma than the outer beams, et al,, 1995 in Fig. 3-4. Calculations and simulations indi-
and the beam intensity is higher for the focusing strategycate that at the laser intensity of&2.0*> W/cn? planned for
shown in Fig. 3-2. In this case, for symmetry reasons, bedgthe NIF, a significant fraction of afY8 beam would be above
focus for the inner beams occurs inside the hohlraum. the intensity threshold for self-focusing, in the absence of
The large gain exponent for the NIF inner beam occursany further beam smoothing beyond the use of an RPP
at a scattered light wavelength of 590 nm, which correspond&NTIS Document, 1991; Bergeet al, 1993; Dixit et al,
to SRS growing an.~0.1In. and aT,=3 to 4 keV. The 1993; NTIS Document, 1995 Self-focusing increases the
long-scalelength targets described bel(®ec. IIlC4 were  growth rate and gain rate of SBS and SRS and, in the advent

designed to investigate this SRS gain region. that filamentation and beam breakup occur, leads to uncon-
For ponderomotive self-focusing, the intensity gain ex-trolled propagation and laser energy deposition. The
ponent is f-number dependence predicted by the filamentation process
1020 was tested experimentally by configuring one Nova beam
= =2 (3-13  With anf/8 lens.
4dvgNcvgo

which is obtained by multiplying the linear gain ramaxi- 2. Effects of non-Maxwellian electron distributions

mized with respect to perturbation wavelengtby the  and nonlocal transport

speckle length. The filamentation threshold occurs when f the electron mean free patih {;=v./v,;) were larger
Gy =1 which is equivalentwithin a factor of order oneto  than the transverse scale size of the laser intensity, thermal
the condition that the power in a speckle be greater than thgressure gradients caused by the nonuniform deposition of

critical power for self-focusingMax, 1976, namely, laser energy would be smoothed according to the classical
MeC3(Te+T;/2)\ Ne Ne theory of thermal transpprt. Thus, thermal filamentation
ait=| oz |n. 1- = (3-13)  (Sodhaet al, 1976; McMullinet al,, 198) should be weaker
€ ¢ than ponderomotive at small spatial scales. However, be-

Self-focusing or filamentation is of particular concern cause inverse bremsstrahlung preferentially heats electrons
for NIF hohlraums, because its intensity threshold is affectedvith velocity lower than the thermal velocity, the laser inten-
by the length and transverse scale of the hot spots. For sity nonuniformity is imprinted initially on the distribution of
beam smoothed with a random phase plétato et al, electrons with low velocity. This pressure gradient can be
1984 or kinoform phase platefDixit et al, 1994, these maintained because the mean free path of these inverse
scales are determined by the bebimumber. The coherence bremsstrahlung-heated electrons can be much smaller than
length of a speckle is approximately the Rayleigh range fothe speckle width. Moreover, the electron—ion scattering rate
the lens and is given by.=8f%\, where )\, is the laser is a factor ofZ faster than the electron—electron scattering
wavelength and is the f/number. A speckle diameter full rate. Itis this latter rate, which determines how fast the popu-
width at half-maximum(FWHM) is approximately equal to lation of higher velocity electrons, which transport energy
the diffraction limited spot width for the lens df, ~f\g. over large scales quickly, is increased. There are two effects
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FIG. 3-4. (Color Near “best focus,” the field of a random phase-plate beam consists of long, narrow speckles whose size depenfisiamlezisand laser
wavelength. A simulateé/8 far field is shown on the left-hand side, &4 on the right-hand side. The transverse width of the speckles is linearly proportional
to the f number while the axial length is quadratic in theumber.

that come into play: a modificatioigenerally a reductionn  short spatial scalek\¢>1, and time scales much shorter
the electron thermal conduction and the other transport coethan the electron—ion collision frequencit<<l/ve;, the
ficients for small spatial scale&X,;>1) and a distortion of usual collisionless description applies where these nonlocal
the distribution function from a Maxwell-Boltzmann. The thermal transport effects can be neglected. The collisionless

former effect occurs for small scales and occurs even fogescription should apply to the conditions we expect in NIF
small laser intensityBell, 1983; Lucianiet al, 1983; Albrit-  plasmas wherev o;~(Z2n;)/T¥?~2-1x 101 s™1 and g

ton et al, 1986; the latter is a function of the ratio of the ~T2/(Z?n;)~100-300 microns forT,=3-5keV for a
heating rate to the thermalization rate, which is proportionaljeH plasma an,=9x 102° cm 3. For comparison, typical
to a=Z(vg/v), a useful measure of the degree of distortiongpeciles in the beam focal spot are a few microns in diam-
(Langdon, 1980 If this parameter is greater than one, the gier a5 discussed above. However, many important experi-
electron velocity distributiorfoften called a Langdon distri- ments (Labauneet al, 1996; Renarcet al, 1996; Labaune

bUtiO? isdsimiladr toa smeper-Gaussian.ﬁ. , h i t al, 1998; Labaunet al, 1999; Montgomenget al,, 2000
The dependence of transport coefficients on the ratio %hat provide the scientific basis for understanding laser—

:Eg Ei';ﬁtrg;horz rgﬁ:no{:wesifaﬁ%r,ufbgie sEaZIe }ekng:]g:f plasma interactions are done with laser and plasma param-
P y P on=2m/k, eters for which\.;~1 micron and these nonlocal transport

been calculated with Fokker—Planck codEpperlein, 1990; . ) .

. ) . ' _effects can have a large impact on thermal filamentation and
Epperlein and Short, 1992; Epperlein and Short, 1994; Ept_he ropagation of the incident laser beam. The modeling of
perlein, 1994; Brunner and Valeo, 200and analytically propagai Incl ' ing

(Epperlein et al, 1992: Bychenkovet al, 1995: Brantov these experiments is very problematic at this time given that

et al, 1996; Brantowet al, 1998 for small amplitude pertur- simulations of heat transport and inverse bremsstrahlung for

bations. Significant modifications occur to the classical trans single hot spotBrunner and Valeo, 200how that 10%

port coefficients for electrical conductivity, thermal conduc-deviations of the transport coefficients from the analytic
tivity, and friction force and also to the ponderomotive force h€0ry appear for temperature perturbations as little as 1%.
and inverse bremsstrahlung. The electron heat conductivit)!Uch larger discrepancy occurs as larger perturbations are
for a temperature perturbation of wave numketakes the ~ driven. o

form (Epperlein, 199D K,,=Ky/[1+Db(k\e;)?], whereb Non-Maxwell-Boltzmann distribution§NMBDs) pro-
~50,d~1.3, andK is the classical Spitzer—i#a heat con- duced by inverse bremsstrahlung have fewer electrons at low
ductivity. The reduction in the thermal transport increases th&€locity than a Maxwell-Boltzmann with the same density
growth rate of filamentatiofEpperlein, 199), and stimu- and internal energy. Therefore the rate of collisional absorp-
lated forward Brillouin scatteringRose and DuBois, 1992; tion of light and Langmuir waves, both of which depend on
Bychenkovet al, 2000 especially in highz plasmas be- the electron—ion collision frequency at low velocity, are re-
cause the temperature perturbation produced by the absorbgtced (Langdon, 1980 In spatially uniform calculations
wave energy is bigger than it would be for Spitzer+#ida  which neglect self-collisions, no steady state exists and, for
These effects influence the damping rate and, to a lesséong times, the distribution becomes super-Gaussian
extent, the dispersion properties of ion—acoustic waves in theIMBDs, f(v)~exp(—(v/u)®), with u5~vSt. Because the
intermediate range of spatial scalé&3,.;~0.1-20. At very  “temperature” increases until the heating rate is smaller than
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the thermalization rate, i.eq<<1, it is clear that the long beam is composed of smdhbout 3um diameter speckles
time physical solution will again be Maxwellian. Spatially with a distribution of intensities above and below the aver-
uniform calculationgMatte et al, 1988 that use a Fokker— age. SRS and SBS grow faster in the intense speckles with
Planck code(with self-collisions which tend to restore a the result that, even for average gain exponents smaller than
Maxwell-Boltzmann also demonstrated NMBDs of the 20, significant reflectivity is expectetRose and DuBois,
form, f(v)~exp((/u)™®) for inverse bremsstrahlung 1994; Bergeret al, 1995. The speckles can self-focus as
heating and showed that(a)~2 whena<1 and evolves they interact with the plasma, increasing the intensity within
smoothly tom(a)~5 whena>1. More recent calculations individual “hot spots,” further enhancing the reflectivity. La-
(Afeyan et al,, 1998, done with a nonuniform laser driver ser beam smoothing such as smoothing by spectral disper-
but spatially periodic boundary conditions, showed a locakion (SSD (Skupskyet al,, 1989; Rothenberg, 199 Avhich
distortion of the velocity distribution in the intense laser hotchanges the speckle pattern on the laser bandwidth time
spots. This distortion of the distribution function locally in- scale, or polarization smoothingNTIS Document, 1990;
creases the acoustic frequency, effectively by increasing th€subakimotoet al, 1992; Tsubakimotoet al, 1993; Pau
electron Debye length. As a result, the ion Landau dampingt al., 1994; Boehlyet al,, 1999, which instantaneously re-
of the acoustic wave is reduced. Whereas SRS and SBS malyces the power in high intensity speckles, can reduce fila-
be increased by NMBD in weakly unstable experimentsmentation(Lefebvre et al, 1998, SRS, and SBSHlller
because the linear growth or gain rate may be increaseet al., 1998; Bergelet al,, 1999.
(Bychenkovet al, 1997; Afeyaret al, 1998, they may also The levels of SBS and SRS are influenced by nonlinear
be decreased in strongly driven cases because the thresholsi®cesses, e.g., by secondary decay of the primary Langmuir
for saturation processdgshat also depend on the damping wave driven by the SRS proce¢Bernandezet al, 1996;
rates are reduced. Additionally, if the laser intensity nonuni- Kirkwood et al,, 1996; Fernandeet al, 1997. Once the in-
formity causes the shape of the NMBD to vary in space, thestability threshold is exceeded, the Langmuir decay instabil-
acoustic dispersion will vary in space, which may be enougthity (LDI) (DuBois and Goldman, 1965; DuBois and Gold-
in some cases to detune SBS and lower overall its gain iman, 1967; Bonnaudt al., 1990 rapidly transfers energy, to
otherwise uniform plasmas. another Langmuir wave and an acoustic wave, from the
Recent calculationgFourkal et al, 2001 and calcula- Langmuir wave driven directly by the incident laser and Ra-
tions for a single hot spafBrunner and Valeo, 2002sup- man reflected light wave. The threshold Langmuir wave
ported by Thomson scattering experiments in hfghlasma  charge densit;&ntLhD' for driving the LDI is given by
(Glenzeret al, 1999, have shown that the distribution is
super-Gaussian at low velocity but Maxwellian at high ve- 5n{‘hD'
locity. These calculations identify the additional parameter, n. |
0=TIgpal Nej, When the energy can be transported out of the
heated region. This parameter measures the importance aheren, is the background density,=vS+ v} is the sum
transport to the value of the distribution function. dfis  of the collisional damping rate;= 1/2veiwf,e/w§, and the
small, then the electrons are not localized to a single hot spatandau damping rate; of the Langmuir wave of frequency
and transport is important. Sinag;~v*, the higher velocity ~w,. Here,w, andv, are the local acoustic frequency of the
electrons can sample multiple hot spots and are influenced dgast damped mode and acoustic wave damping rate, respec-
the spatially averaged intensity whesne<1. These higher tively, andk,\ . is the wave number of the Langmuir wave
velocity electrons are therefore Maxwellian although-1  times the electron Debye length. The threshold depends on
for the low velocity electrons which are non-Maxwellian. the damping rate of the acoustic wave and thus, if the damp-
Thus, electron Landau damping of Langmuir waves, aling rate of the acoustic wave were increased while other
though reduced, is less affected by inverse bremsstrahlungasma parameters are kept constant, the Langmuir wave can
heated distributions than the predictions based on superGause driven to larger amplitude and more SRS would be ex-
sians for all velocities. pected for the same linear gain exponent. In simulations
(Bezzeridest al,, 1993, the amplitude of the primary Lang-
muir wave continues to increase above the LDI threshold but
at a slower rate. Analysis of the results supports a scaling of
Amplification of thermal fluctuations(Oberman and the dissipation on the Langmuir wave above the LDI thresh-
Auer, 1974; Sekat al, 1984 by 20 e-foldings is sufficient old to the enhanced valuel'=v| sn,/onk>'|2. From this
to produce both significant backscattering and plasma waveasodeling, one obtains a reflectivity that is dependent on the
of sufficient amplitude that nonlinear saturation mechanismsn wave damping but weakly dependent on the Langmuir
are important. The NIF quads are composed of fof20  wave linear damping ratébuBois, 1998. This scaling with
beams which cluster together to form an effectiv@ beam ion wave damping is observed in a number of experiments,
which interacts with the plasma at intensities up to 2including the Nova gasbagKirkwood et al, 1996 and tor-
X 10 W/cn? for the baseline 300 eV hohlraum target, with oidal experiment§Fernandezt al, 1996; Fernandeet al,
a variation of intensity along the beam path as shown in Fig1997 discussed below.
3-2. In the transverse direction, the laser intensity is assumed In the fluid simulations of LDI just discussed, the plasma
to be averaged over the beam profile, and the LIP calculgparameters were generally chosen such that SRS was abso-
tions use this spatially averaged intensity. However, eackutely unstable k,\p.<0.15) because computational con-

2
Ue U
=16(khpe)?— —, (3-14)

Wy Wqy

3. Nonlinear effects on scattering
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straints precluded simulating regions large enough for conebserved in time-integrate(Baker et al, 1997 and time-
vective instability to reach nonlinear levels. With the adventresolved (Labauneet al, 1998 Thomson scattering mea-

of more computational resources, PIC simulations have beesurements of the decay Langmuir wave amplitudes in sub-
done that indicate that SRS saturates by different mechdeV plasmas. The ion—acoustic wave product of LDI was
nisms if kyApe>0.15, that is, particle trapping occurs also measured in these plasm@epierreuxet al, 2000;
(Mourenas, 1999; Vet al, 200J). As a result of the flatten- Salcedcet al, 2003; Montgomernget al,, 2002. Recently, the

ing of the distribution at the phase velocity of the Langmuirdecay of ion—acoustic waves associated with LDl was mea-
wave, Landau damping and the plasma wave frequency amred far above thermal levels at the Nova facility Tip
reduced(Willis and Deardorf, 196pb In these simulations, >2.2 keV gasbag plasmas illuminated at 527 nm, the second
LDl may be observed but is not the dominant saturatiorharmonic of the laser wavelengttGeddeset al, 2003;
channel in this parameter range. There are several effects bung et al, 2000. In this case, the nominal LDI threshold
trapping that reduce the growth of SRS: the detuning effectvas exceeded in the calculations. However, these same cal-
of a nonlinear frequency shifiCohen and Kaufman, 1978; culations produced more SRS than the experiments observed
Vu et al,, 2001 and the parasitic effect of a sideband insta-which leaves open the possibility that LDI is not the primary

bility (Brunner and Valeo; Krueet al., 1969. saturation mechanism.
NIF-like high-Z plasmas generally have weaker SRS Both the primary and secondary Langmuir waves dissi-
than lowZ plasmas(see, for example, Fernandez al,, pate their energy by producing energetic electrons whether

1996; Kirkwoodet al, 1996. The electron temperature is by linear Landau dampingShort and Simon, 1998; Short
higher than in the lowZ plasmas and collisional damping is and Simon, 1998aor electron trappingVu et al,, 200J).
stronger. These effects reduce the linear gain. In addition, th&rapping also produces modifications to the distribution
acoustic waves are weakly damped, leading to a lower sedunction that produce frequency shifts in the Langmuir wave,
ondary decay instability threshold and a lower nonlineawhich may detune and saturate SR@orales and O’Neil,
saturation level. Moreover, the low ion wave damping in-1972. The number and energy of hot electrons predicted by
creases the level of SBS which is often observed to correlatthe SRS spectrum matches very well with measurements that
with low levels of SRS as will be discussed subsequently. used spectroscopy in hohlraum targé$enzeret al., 1998.

Some semianalytic models of SRS saturation have been The amplitude of the acoustic wave directly driven in
proposed which limit the amplitude of the primary Langmuir SBS is also limited by wave—wave instabilitigSohenet al.,
wave to values near the LDI threshol@rake and Batha, 1997; Williamset al, 1997; Ricondaet al, 2000 once its
1991; Kolberet al, 1995. In the Drake model, the SRS amplitude exceeds the two-ion-wave de€¢@iwD) instabil-
reflectivity scales with the product of the ion—acoustic waveity. In this instability, one large amplitude ion—acoustic wave
damping times the Langmuir wave dampifigandau and decays into two other ion waves of higher or lower fre-
collisiona). Since Landau damping decreases with densityquency. Higher frequencies are the result of harmonic gen-
increase(at constant electron temperatu@nd is typically eration(Heikkinenet al, 1984, which occurs when the ion
much larger than collisional damping whereas the observedwave steepens until the gradient in the amplitude is compa-
SRS increases with density in Nova gasbags, the consistencgble to the Debye length. The higher spatial frequencies are
of this model requires the elimination of Landau damping ofout of phase with the incident and SBS reflected light. If the
Langmuir waves. Only collisional damping remains which primary ion wave has a wavelength comparable to the Debye
increases with density. With that Ansatz, this model is alsdength, decay into lower frequency ion waves is favored.
consistent with the data scaling. In the Kolketral. model,  This process has a high threshold if the acoustic waves are
the reflectivity depends on the ion wave damping but not orstrongly damped which is the case in the hydrocarbon gasbag
the damping of Langmuir wave. or HeH plasmas.

Although the scaling of the SRS reflectivity with ion Particle-in-cell (PIC) simulations with EPIC (Wilks
damping given by these models agrees with the data, it apet al, 1995 of the nonlinear saturation of SBS with multiple
plies only when the threshold given in E3-14) is ex-  species ions were initially done in 1D with a Boltzmann fluid
ceeded. For the 351 nm Nova experime(fitsrnandezt al., electron response. These simulations showed the importance
1996; Kirkwood et al, 1996; Fernandeet al, 1997, the  of the light ion speciegprotons in saturating SBS as they
linear electron Landau damping for a Maxwell-Boltzmannare easily trapped by the large amplitude ion—acoustic wave.
distribution at the measured temperature is so large that th&lthough the PIC simulations showed much larger reflectivi-
threshold would not be exceeded. However, a superties than observed, they showed lower reflectivity after the
Gaussian electron distribution produced by inverse bremsrapping occurred than at first both because of enhanced
strahlung or distribution flattened at the phase velocity bydamping and nonlinear frequency shift&\ndreev and
trapping have been invoked as possible explanations foFikhonchuk, 1989 This work was extended to 2D where
drastically reduced Landau damping. However, superadditional saturation mechanisms, in particular the TIWD,
Gaussians for the electrons with= w/k>uv, disagree with can occur. In 2D PIC simulations using BZoh&Cohen
the best theory and datas discussed in Sec. lllIB2and et al, 1997; Williamset al, 1997, the reflectivity initially
reduction of damping by trapping would not affect the LDI follows the 1D behavior but then “crashes” to a much lower
threshold because trapping affects waves traveling along tHevel where it remains for the duration of the simulation. The
direction of the incident laser beam only. “crash” occurs just after the TIWD saturates.

The association of the LDI with SRS has been directly  In addition to these wave—wave nonlinearities for SBS,
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there are the kinetic effects of particle trapping and the fluidapproximations are also being developed as appropriate for
nonlinearities such as bulk heating, and induced flow velocistudying specific problems. In general, the nonlinear pro-
ties (Rose, 199Y. These flows result from the transfer of cesses that can act to limit the amplitudes of the plasma
light momentum to the plasma as the acoustic waves ineharge-density waves that scatter the laser light are of three
volved in the SBS process scatter the light backward andypes: in the first type, the waves modify the plasma param-
reverse a portion of light's momentum. It is more importanteters of temperature, density, or flow velocity such as to re-
when SBS is driven in localized hot spots than when theduce the gain rate; in the second type, the waves grow to
pump is uniform. It is the flow velocity gradient that is im- sufficient amplitude to decay themselves which slows their
portant, and a steepening of the gradient occurs because thate of growth; in the third type, the particle distribution
momentum transfer is concentrated in the last exponentiatiofunction is modified by the large amplitude waves such that
length of SBS light. In addition to the momentum transfer,the Maxwell-Boltzmann assumption is no longer valid. The
the energy lost to the acoustic wave subsequently heats tHiest two types are included in F3D: the first by including the
plasma(mostly the iong which can change the damping and appropriate physics in the nonlinear hydro; the second by
natural frequency of the acoustic wave, especially in multi-introducing anomalous damping rates when the plasma wave
species plasmas, which are sensitive to the ratio of the ion tamplitudes exceed the decay thresholds. Kinetic nonlinear
electron temperature. Both of these effects weaken thprocesses are also importdRorslundet al,, 1975; Forslund
growth of SBS and are included naturally in PIC simulationset al, 1975a; Langdon and Lasinski, 1975; Langdetral,,
(Kruer et al,, 1975; Estabroolet al,, 1989. In such simula- 1979; Estabroolet al., 1980; Wilkset al,, 1992; Wilkset al,,
tions, the momentum and heating are initially exchangedl995; Sanbonmatset al, 1999; Sanbonmatset al., 2000;
with particles with velocities near the ion—acoustic wave’sVu et al, 200) and models of these effects will be incorpo-
phase velocity. In multispecies plasma, where the leastated into F3D in the future.
damped ion wave’s phase velocity is above the lightest ion’s  Nonlinear kinetic processes that limit SRS or SBS typi-
thermal velocity, it is the light ions that are trapped. On thecally increase the damping of the Langmuir or acoustic wave
time scale short compared to the ion—ion collision time butwhen the plasma wave amplitude is large enough to acceler-
longer than the bounce time of an ion in the ion wave, trap-ate thermal particles up to the phase veloaii¥k and wave
ping reduces the Landau damping but lowers the acoustibreaking occurgKruer, 1988. If the plasma waves are less
wave frequency. These kinetic effects appear to allow thetrongly driven, trapping may still occur with a decrease in
fluid TIWD instability discussed previously to satisfy the fre- the damping and a nonlinear frequency shift near the phase
guency matching conditions and exceed thresh@dhen velocity (Cohen and Kaufman, 1978; Andreev and Tikhon-
et al, 1997; Williams et al, 1997; Ricondaet al., 2000. chuk, 1989; Coheret al,, 1997; Vuet al, 2001; Williams
Over a longer collisional time scale, the bulk ions are heatecet al,, 1997; Ricondat al, 2000. These processes are stud-
By using the fact that the ratio of Thomson scatter signaied with particle-in-cell codesMorse and Nielson, 1970;
from the slow and fast modes of beryllium-gold plasmas isLangdon and Lasinski, 1976; Birdsall and Langdon, 1985;
sensitive to the bulk ion temperature, this SBS-correlated iofdemkeret al,, 1999; Hemker, 2000or (less often with Vla-
heating has been measured with Thomson scattéfrmula  sov codegHiob and Barnard, 1983; Ghizai al., 1990 that
et al, 2002. solve Maxwell equations and evolve the particle distribution
The gain exponent for SBS in NIF targets is largest infunctions. Because the length and time scales of the Debye
the Au blowoff, not the HeH gas. For high-plasmas, the length and the plasma or laser frequency, respectively, are
most relevant work to date with PIC codes was done in 1Dresolved and the particle distribution rather than a few mo-
with ion—ion collisional effects includedRambo et al, ments are evolved, the increase in physical detail is accom-
1997. The Au plasma is collisional enough that, althoughpanied by a substantial decrease in the physical system size
the ions are heated with a nonthermal tail, trapping does ndhat can be modeled. However, the ever increasing speed and
occur. The nonthermal tail provides the only significantmemory of computers make this tool more and more useful
damping of the acoustic waves. Subsequent work in 20or developing the basic physics understanding needed for
awaits the development of a 2D code with collisional effectsF3D.
included(Caillard and Lefebvre, 1999 At LANL, 2D Langmuir fluid turbulence code@Russell
Developing a comprehensive computational model foret al, 1999 have been developed and used to predict the
laser plasma interactions which will reliably predict the re-scaling of SRS. Some of these results have motivated re-
flectivity for NIF targets is a goal of the ICF Program. At duced models in F3D. LANL has also developed PIC and
LLNL, the three-dimensional, time-dependent fluid codehybrid PIC-fluid codegVu, 1996; Vu, 2000 to study beam
F3D has been developed for this purpoferger et al, deflection of single speckles, nonlinear SBS with kinetic
1998. F3D couples light propagation to a single-fluid, two- effects, and LDI. The LANL PIC code has used special tech-
temperature(electron and iop nonlinear hydrodynamics niques to reduce the PIC electrostatic noise from which SRS
code to calculate the stimulated scattering and self-focusingnd SBS grow so that wave—wave nonlinear processes can
of laser light. The light propagation is usually done within compete with particle distribution modifications without us-
the paraxial approximation for both the incident laser lighting a prohibitive number of particles.
and the Raman and Brillouin backscattered light waves. The One of the difficulties of empirically scaling to NIF is
charge density waves, Langmuir and acoustic waves, arte fact that these nonlinear processes depend on the same
time and space enveloped. Other options which relax thegglasma parameters as the linear gain exponents but with a
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a) Without phase plate b) With phase plate

FIG. 3-5. (Color) Two laser beam spots with the same
spot-averaged intensity are shown. On the left-hand
side is anf/4 Nova spot 1 mm past best focus, typical
of the unsmoothed beam in Nova hohlraums at the
LEH. On the right-hand side is an RPP-smoothed beam.
A phase plate produces a more uniform focal spot dis-
tribution and smaller speckle sizes for the same spot-
averaged intensity.

Ex10" 5x 10"

Intensity (W/cmZ)

GO-80-0191-1072pb01

different functional form. Hence, the plasma emulation ex-  An unfortunate consequence of RPP smoothing is that
periments at the Nova Laser Facility were designed to reproabout 20% of the light is diffracted outside the central spot.
duce the actual calculated NIF plasma conditions as well aRecent developments improve on this design by changing
the NIF linear instability gain, as closely as possible, in ordetthe phase continuously in the near field with the result that
to properly incorporate saturation and other plasma effectap to 95% of the light can be contained within a super-
that are omitted by the simple linear gain analysis. At theGaussian central spdtessleret al, 1993; Dixitet al,, 1994;
same time, the models have been tested not only on the NIf4in et al, 1995; Kessleet al, 1996; Linet al,, 1996. These
relevant experiments but also on a limited number of otheKinoform phase plate&KPPg will be used on NIF. The dif-
experiments with very different parametdtsabauneet al,  ference between KPP and RPP illumination appears at long
1996; Younget al,, 1998; Montgomeryet al, 2000; Froula wavelengths. F3D calculations of KPPs and RPPs with the
et al, 2002; Labaunet al, 1998; Labaunet al, 1999; Re- same power in the central spot found slightly less self-
nardet al, 1996. focusing with KPPs than RPPs because the flatter envelope
of the KPP slightly reduces the percent of the power at in-
tensities far above the meaWilliams, 2000. Experiments
have shown that laser—plasma instabilities respond to KPP
To better emulate NIF-like laser—plasma interactions, moothing in a manner similar to RPP smoothing
laser beam with the intensity, smoothing, afidumber ap- (MacGowanet al,, 1998.
propriate to a NIF beam was installed on the Nova Laser Two other smoothing techniques have been used on the
Facility (Campbellet al., 1997). Nova Laser Facility to control LPIs: SSQ.ehmberg and
Because of aberrations, the focus of the laser beam is fadbenschain, 1983; Skupslet al, 1989; Rothenberg, 1997
from diffraction limited but it typically contains coherent re- and polarization smoothingPS (NTIS Document, 1990;
gions of high intensity within the focal region. The radiation Pau et al, 1994; Boehlyet al, 1999. In SSD (Skupsky
pattern needed for indirect-drive of capsules within a hohl-et al, 1989, the laser pulse is spectrally broadened by fre-
raum does not necessarily require a smooth focal spot bufjuency modulated phase modulation and is angularly dis-
laser—plasma instabilities, being nonlinear intensity-persed by a diffraction grating so that the different frequency
dependent phenomena, are sensitive to the laser beam intesemponents produce speckle patterns shifted in space with
sity nonuniformity. Random phase plai€PPs (Katoet al,  respect to one another. At a given time there is one speckle
1984 were introduced to eliminate long-wavelength spatialpattern from the coherent sum of the Fourier components
coherence of the laser beam phase front and produce a gleshich, however, changes at a rate determined by the total
bally smooth intensity pattern near focus as indicated in Figbandwidth, Aw. Polarization smoothindNTIS Document,
3-5. In the simplest form, RPPs are transmissive optical ele1990 consists of dividing the light power into two polariza-
ments of transverse sizdx~1 to 10 mm, through which tions each of which effectively has an independent phase
the light passes and acquires a phase shift of . @1t focus  plate and thus an uncorrelated speckle pattern in the plasma.
the light intensity has high-intensity speckles of widthy, In the limit of two uncorrelated speckle patterns, the distri-
length &2\,, and an overall envelope of widtig,;  bution of intensities is given b)P(I)=4I/ISexp(—2I/IO).
~fDNg/Ax and shape{[sin@)/&]X[sin@)/{]}> where ¢  SSD and PS can be used in conjunction as discussed below
=1X/Aspor, {= Y/ Agpor, @andD is the beam diameter at the for the Nova experiments.
aperture of a square lens. A circular lens has a Bessel func- For frequency modulatedFM) SSD, which was used on
tion shape at focus. The stationary fine-scale intensity strudNova, the phase of the electric field in the near fighe lens
ture of sizef\y within the focal envelope has an approxi- aperture is ¢= a sifQ(t—gk,)], where() is the FM modu-
mately speckldarea) distribution, P(I) :Igl exp(=1/1y). lator frequencyg is the grating dispersion parametky,is a

4. Beam smoothing effects on LPI
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FIG. 3-6. (Color) The dependence of SSD smoothing on the FM modulator frequéicHz for NIF and time is shown. On the left-hand side, the number

of independent speckle patterns that contribute to the smoothing is shown versus time. On the right-hand side, the fraction of the laser pamsityvith int
above five times the average in a NIF-like plasfBd4 in vacuumis shown vs modulator frequency for a fixed laser bandwidth. NIF SSD will use a
high-frequency modulatofl7 GH2 to minimize dispersion required for SSD. A higher-frequency modulator reduces pinhole and LEH clipping as less
dispersion is required for SSD. With fewer independent speckle patterns, the smoothing approaches its asymptotic value earlier for higmirdglatocs,

F3D calculations show that since filaments only respond to the smoothing achieved by about 10 ps, filamentation is insensitive to modulator gremuency u
about 100 GHz.

measure of the distance from the center of the aperture, antycle across the lens. Increased dispersion has two negative
a is the modulation depth. The bandwidth is given by consequencesl) the pinholes in the laser spatial filters have
=2a). In order for the full bandwidth of the SSD to be to be larger, because of the larger angular spread of the
sampled at each instarf} Bk, must change by at leastz2 beam, resulting in greater nonlineB+integral effectdNTIS
across the lens aperture, defined as one “color cycle” acrosBocument, 1975in the laser propagation and reduced output
the lens. The grating introduces a time delay of the lasepower, and2) the laser spot produced by the KPP is smeared
beam arrival from one edge of the laser beam to the other db a larger spot in the LEH. The gratings used for the 3 GHz
7= Bwyl/fc. One color cycle requires a time delay ef modulator on Nova also limited the rate at which the laser
=2x/Q). In one view of SSD obtained by decomposing thepower on target could be changed. A modulator frequency of
field in a Fourier series, the laser field consists of a numbet7 GHz was tested in Nova experimefitiscussed in Sec.
of lines, separated from the fundamental frequencyjQy 1l C), showed little difference from the 3 GHz backscatter
with amplitudeJ;(«). The amplitude of the Bessel function results, and has been chosen as the NIF baseline. To this
decays rapidly folj >« with the result thal w=2a{). As  point, only 1D SSD has been discussed and only 1D SSD
the modulator frequency), increases, the number of side- was used in experiments that explored the effect of SSD on
bands decreases and the duration of smoothing decreaseslL&d. Not discussed was the option of 2D S$Bkupsky and
shown in Fig. 3-6; in other words, the number of indepen-Craxton, 1999 wherein two FM modulators with different
dent speckle patterns decreases. FM frequencies and two gratings that disperse the beam in

As shown in Fig. 3-6, the F3D-simulated laser beamtwo orthogonal directions are used. Although 2D SSD
filamentation did not depend on modulator frequency, up temoothes intensity modulations more effectively than 1D
100 GHz, for fixed bandwidth and at least one color cycle.SSD, it does so on a long time scale. On the shorter time
This outcome is a consequence of the fact that beam filamescales on which LPI grow and saturate, there is little differ-
tation occurs in a time of 10 to 20 ps. Up to this time, theence between 1D and 2D SSD provided the total bandwidth
higher and lower frequency modulators achieve the samis the same and there is at least one color cycle.
smoothing. Beam smoothing that occurs over times longer Filamentation is of more concern for NIF ignition targets
than this is ineffective in reducing filamentation. If a lessthan for typical Nova implosion targets primarily because of
dispersive grating was used such that less than one coldtlFs higherf number. The distribution of intensities near
cycle was present across the lens aperture, F3D simulatioriecus is independent df number but the laser light power in
showed SSD was less effective in controlling filamentation.a typical speckle is proportional to the area of the speckle or
Using a more dispersive grating to produce more than onéo the square of thé number. Thus, a laser beam of a given
color cycle has the effect of smoothing a wider range ofpower focused to a given spot size with @8 NIF lens will
wavelengths. The longest wavelength smoothedf Ds9, have more speckles above the threshold power for pondero-
whereD is the lens diameter anlis the angular dispersion motive self-focusing than with arf/4 lens. The power
of the grating. However, F3D simulations found no benefitthreshold for self-focusinfEq. (3-13)] is equivalent to the
for more than one color cycléHinkel, 1996. criterion that the product of the spatial growth rdge the

A smaller modulation frequency requires a grating withmost unstable wavelengttand the speckle length exceed
more dispersion, a longer delay, to realize at least one colarne(Dixit et al,, 1993. Thermal filamentation may be nearly
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plasma parameters are NIF-like, i.eT¢=3-6KkeV, ng
=0.1In.. The spreading forf/4 beams is predicted to be
much less. Temporal beam smoothing reduces the self-
focusing of the speckles; it is most effective on the lower
power speckles. The calculated level of filamentationff8r
illumination, with plasma and laser parameters chosen to be
representative of those encountered in Nova hydrocarbon-
filled gasbags[e.g., neopentane ¢Bi,), T.=3keV, ng
=0.1n;, 1=2x10" W/cn?, \o=351 nm], decreases with
increase in laser bandwidth as shown in Fig. 8Rfazuelo
and Bonnaud, 20Q0Polarization smoothing also reduces the
amount of filamentation because the number of high inten-
sity speckles is significantly and instantaneously reduced,
e.g.,, for a typical NIF beam with an intensity of 2

X 10" W/cn?, the fraction of the beam power at intensities
above 5<1, (wherel, is the mean intensilyis 4% for an

FIG. 3-7. (Color The reduction of self-focusing by SSD smoothing is RPP beam with one polarization but 0.3% for two polariza-

shown as a function of the laser bandwidth as a percentage of the las
frequency. The reduction is characterized by plotting the fraction of the las

power above five times the mean intensif.04 in vacuum after self-

focusing in the plasma for the mean intensities, as indicated. Simulation
parametersT.=3 keV, n,=0.1n, 1,=2X 10" W/cn?, ;=351 nm in a

CsHy, plasma.

e

Tfons. In Fig. 3-8a), the power probability distribution func-

tion in vacuum at focus is shown for one polarization and for
two uncorrelated polarizations as appropriate for PS. The
spatially averaged intensity in both cases is 2
X 10' W/cnm?. PS narrows the distribution about the mean
intensity so that there is actually more power in speckles

as important as ponderomotive if the thermal transport i®nly a few times the mean intensity. However, there is much

inhibited (Epperlein, 199D and the criterion for instability

less power at very high intensity. The power distribution for

given by the product of the spatial growth rate and thean RPP distribution at half the mean intensity in Fig.(8}8
speckle length is more useful if the total spatial growth ratemakes it clear that PS is not as effective in lowering the

is used.

Simulations of laser beam filamentation with F3D in

three dimensions and other codéSchmitt and Afeyan,
1998 in two dimensions confirmed thienumber scaling of

power at high intensity as simply halving the intensity.

The effect of PS and SSD on stimulated Brillouin and
Raman backscatter while allowing for the self-focusing of
the incident and reflected light has been simulated with F3D

filamentation and predicted a noticeable angular spreading dBerger et al, 1998 in homogeneous plasmé_efebvre
the light that is transmitted through a millimeter-scale, low-et al, 1998; Bergeret al, 1999 with plasma and laser pa-

Z, underdense plasma with a threshfdée Eq.(3-13)] for
an f/8 beam at an intensity nearx2L0* W/cn? if the

1 107,
(a) |- RPP only | F3D calculated reflectivity
: —— Polarization smeacthed (St:fv. V0% Ny TyTe = 0.15, C5Hyz RPP
=] ¥ = = -RPP (half Intensity) SRS
g 101} s
3 01 _ lo=2x10" Wicm-2 i ,+" RPP with PS
=3 =
2 TS 1072} E
- @ i
= 0.01} <" RPP with PS
2 1073}
o . ]
L] K 4
0.001%— — i - | i - I - 10 s L b o P [
0 5x10'%  1x101® 1.5x1016 2x 1016 0 1 2 3 4 5

Intensity (W/cm~—2)

rameters as given for Fig. 3-7. Botti4 and f/8 focusing
were simulated. Because filamentation grows on a time scale

Intensity (10'*Wiem-2)

FIG. 3-8. (Color Polarization smoothingdPS reduces the fraction of the laser beam power at high intensity and hence reduces backacdttes.
distribution of laser power at the focal spot is shown vs intensity for one polariza&i®B, for two independent polarizatiort®S and for one polarization
with half the total power. PS reduces the number of high-intensity hot spots, and narrows the distribution about the mean(mtem&i8D calculations,

PS reduces SRS and SBS backscatter.
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which can be comparable to the SSD smoothing time, temthe linear damping and inducing frequency shifts are in
poral beam smoothing can suppress it directly as shown idevelopment.
Fig. 3-7.

Although self-focusing in high-temperature plasma is
undesirable and generally increases backscatter, there a?e
conditions where the temperature and density perturbations Laser—plasma interactions have effects on NIF hohl-
induced by the laser may reduce or at least lessen the sevaaums beyond the loss of laser power caused by stimulated
ity of the backscatte(Kruer et al, 1999; Tikhonchulet al, backscatter. Two processes which have been examined in
2001). detail are laser beam deflectigBhort et al, 1982; Hinkel

Although the SSD bandwidth is typically too small to et al, 1996; Moodyet al, 1996; Rose, 1996; Ghosal and
reduce the SBS and SRS growth rate dire¢tlgval et al,  Rose, 1997; Hinkeét al,, 1998; Younget al, 1998 and en-
1977, the F3D simulations show that reducing filamentationergy transfer between crossing beathsuer et al, 1996;
reduces the nonlinear enhancement of the gain exponent fifirkwood et al, 1996a; Kirkwoodet al, 1997. Both of
these instabilities in the Nova gasbag conditions. Moreoveithese processes have been observed in Nova experiments.
if the bandwidth is big enough that a speckle dissolves be- In the hot spots of the laser beam, density depressions
fore SBS grows to saturation, SSD can also reduce the SB&e formed ponderomotivelfor thermally and light is re-
reflectivity (Mounaix et al, 2000. Dramatic reductions in fracted into them, which can cause filamentation as discussed
SRS and SBS are calculated under conditions when the ipreviously. In the presence of a transverse plasma flow, these
tensity gain exponents are less than 20. Much less reductigiensity depressions form downstream from the laser beam’s
is calculated for the higher gain exponents anticipated fohigh intensity regions. Light refracted into the lowered den-
NIF and simulated by the Nova experiments. However, resity is thus deflected in the direction of the flow. This process
duction of a factor of about 2 is calculated and this is sig-is strongest when the transverse flow is nearly sonic, which
nificant if the reflectivity is from 10% to 30% as experiencedhappens near the laser entrance hélankel et al, 1998.
in some experiments on Nova. There is no threshold for this process, unlike filamentation or

The growth rate for SRS is typically about'#& %, an ~ whole beam self-focusing. However, the presence of fila-
order of magnitude larger than the maximum bandwidthmentation or self-focusing can enhance the beam bending
(about 3x10™“ to 10 3w, which is 3x10' to 10"?s™ or  effect by locally increasing the intensity and the density gra-
1-3.5 A at 0.35Jum laser wavelengthachievable with NIF.  dient.

Thus, SSD can have no direct effect on SRS. On the other By taking transverse position and momentum moments
hand, PS is instantaneous and can reduce the growth of SR the paraxial wave equation one can readily show that the
that depends on the higher intensity speckles. SBS wittiate of change of the mean propagation directi{a;)/dz is
growth rates not much larger than the maximum bandwidthgiven by (Williams, 2002

may be affected _by both SSD and PS. - ) 1 (VLng)

F3D calculations of the SRS and SBS reflectivity as a =—
function of the mean laser intensity are shown in Fig.(8}-8 dz 1=ne/ng  2nc
with and without PS for the same plasma parameters as iwheren, is the electron density an, is the critical density.
Fig. 3-7 (n/n.=0.1, T.=3 keV, andT,;/T,=0.15) param- The averagé) is weighted by the laser intensity. Performing
eters appropriate for low- gashags. With a simulation this average, the beam bending scales as
plasma length of 0.35 mm (10Rg), less than the length of d 2

e : ) . . () 1 Nefvg|© 1
the plateau region in a gasbag, the linear intensity gain ex- ~— = _) —F (beam, plasma
ponents of 12 for SRS and 10 for SBS ax 20" W/cn? dz 1-ne/ne nclve) Ly
were less than calculated for NIF or gasbags. The gains at (3-16
4x 10" W/cn? are comparable to those expected for NIFwhere a is the angle of deflection and, is the transverse
and for the Nova gasbags, but the effects of self-focusing ansdcale size of the laser intensifthe speckle size for an im-
plasma induced laser beam incoherence are bigger than perfect or RPP beamHere, the (,/ve)? dependence of
the experiment. Although the biggest reductions are at thponderomotively induced density fluctuations on the laser
lower intensities, there is still a noticeable reduction at 4intensity has been factored out. The dimensionless function
X 10" W/cm? where the gain exponents are comparable td- contains the detailed dependence of the bending rate on
those for NIF and gasbagBerger, 2001 the beam characteristi¢e.g., Gaussian, RPP, SEBnd the

Although these F3D simulations were able to predict theplasma conditions, particularly its transverse Mach number
qualitative behavior of the effects of beam smoothing, quanand ion—acoustic damping rate. In collisional plasmas, it
titative predictions await the further development of modelscontains a factor quantifying the enhancement of the pon-
of wave-particle and wave—wave nonlinearities that can rederomotive force by thermal effects. This function has been
produce the essential ingredients of these processes in tievestigated in some detail for a variety of analytically trac-
evolution of SRS and SBS. As discussed in Sec. Il B 3, nontable beam and plasma modgRose, 1996; Bezzerides,
linear modification of the density and flow velocity by pon- 1998; Hinkelet al., 1998.
deromotive forces from the plasma and light waves and some These analytical studies and simulations using F3D con-
simple models of wave—wave interactions have already beetlude that the greatest bending occurs when the transverse
included in F3D. Models of effects of trapping in reducing flow is near sonic or mildly supersonic, in which regime it is

Laser beam deflection

: (3-15
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only weakly dependent on the ion—acoustic damping rate. In F3d calculations show SSD
this near-sonic regime, beam bending can be thought of as reduces beam deflection
internal forward Brillouin scattering, in which there is a reso- - I

: ; i A 55D perpendicular
nant interaction between differektcomponents of the laser, o plapsmz Row

where ion waves at the differekts are Doppler shifted by O SSD parallel to
the flow to zero frequency. In steady state, when the trans- plasma flow
verse flow is subsonic, the beam-bending rate is proportional
to the ion-damping rate. However, time-dependent simula-
tions with F3D with(statio RPP beams indicate that the time

to reach steady state increases with decreasing damping and
with increasing laser propagation distance. Because of this,
subsonic beam deflection does not vanish in the limit of zero
ion—acoustic damping as would be inferred from steady state

theory. O

E=1
i
L

[&]
I
1

CH plasma, /8
10% n_., 3kev, 2 < 10" Wem™

A

crit?

Deflection [degrees]
= ha
T

For a “statistical” beam with random or kinoform phase 0 7]
plates, perhaps with additional temporal smoothing, such as
SSD, the(V, ng) is additionally averaged over the beam sta- - 1 1
tistics. With temporal smoothing, the speckle distribution in ] 0.5 1 1.5 2 2.5
the plasma is no longer stationary. Typical speckles have a 3w bandwidth [A]

residence time given by the inverse of the temporal bandlee 3.6, (Colon SSD will b d to reduce b deflection in flowi
. -1 - . . . 3-9. (Colon will be used to reduce beam deflection in flowing

width, A‘f) ’ _ThIS Changes{_mOStly rEducm_g the der_‘SIty . plasma. The current NIF baseline has SSD perpendicular to plasma flow in

perturbations in the plasma induced by the imposed intensityse hohiraum in order to minimize the focal spot smearing in the short

fluctuations. direction of the elliptical NIF focal spot. Either orientation of SSD relative
Beam bending transfers transverse momentum from th@, the p[asmg flow will redgce beam defl.ectio'n'with modest bgndwidth.
. . . Either orientation will be available on NIF with minimal setup requirements.
flowing plasma to the light, slowing the flow. Ro$Rose,
1996 has pointed out that a beam with many speckles can
represent a substantial impediment to the flow. In a super-
sonic flow, a bow shock can form upstream of the beamyacuum values as it propagates through the plasma. These
putting the beam in a subsonic flow in which the bending iseffects can be modeled with a laser—plasma interaction code
reduced. Crossing beam energy transfer discussed in the nesich as F3D. Filamentation broadens khspectrum of the
section could also be affected. waves. Time dependent fluctuations in the plasma increase
Significant reduction in beam deflection through plasmaghe beam’s temporal bandwidth. SBS and SRS can extract
containing sonic and supersonic transverse flows is obtaineghergy from the beams higher intensity regions.
once the bandwidthhw becomes of order of the characteris- F3D simulations withf/8 beams show a preference for
tic ion—acoustic frequencg€ky/2f of speckle sized pertur- smoothing parallel to the flow as shown in Fig. 3Hinkel,
bations. In subsonic transverse flow, where the beam bendirtP96. Corresponding simulations &t4, where nonlinear ef-
rate is smaller, proportional to the ion damping rate, the adfects from speckle self-focusing no longer played a role,
dition of bandwidth canincreasethe rate. This can occur agreed with thelinean analytic theory, showing no signifi-
because the speckle motion induced by SSD can combingant dependence on direction of smoothing or increasing the
with the plasma flow to give supersonic relative motion. Innumber of color cycles beyond one.
effect, with SSD, the beam bending rate gets averaged over An effect of SSD smoothing is to broaden the vacuum
the distribution of relative velocities between the speckledeam spot in the smoothing direction. In order to focus
and the flow. However, in a hohlraum, where the laser bearnthrough a minimal laser entrance hole of a hohlraum, it is
path traverses both supersonic and subsonic flows, the ndéesirable to put the SSD smoothing direction along the long
effect of SSD bandwidth is to decrease the beam bendingxis of the elliptical beam spdsee Fig. 3-14 for an example
because the major contribution, from the supersonic portiomf a NIF beam elliptical focal spiat Assuming azimuthal
of the trajectory, is reduce@\TIS Document, 1997 Of the ~ symmetry, plasma flows would be along the short axis of the
various SSD parameters, the bandwidth is the most imporellipse, or perpendicular to the smoothing direction, which is
tant, but there is a predicted decrease in bending rate as tiige less desirable smoothing direction for the reduction of
number of color cycles increases. There is also dependent@®am bending. Figure 3-9 shows the difference between the
on the direction of the SSD smoothing with respect to thesmoothing directions is insignificantrf@ A of bandwidth at
flow (Rose and Ghosal, 1988 351 nm. Increasing SSD bandwidth to this level or adding PS
The analytical calculations described above provide useare options if smoothing perpendicular to the flow is re-
ful guidance and insight to the scaling of beam bending withquired. In addition, filamentation near the LEH in NIF, the
plasma parameters and the choice of smoothing scheme, beurce of the difference between the smoothing directions,
more detailed numerical calculations are required to accumight be less in NIF since the NIF electron temperature is
rately quantify the effect. The most significant limitation of higher than in these calculations. An important bending satu-
the analytic theory is that it does not account for changes toation effect is observed if filamentation is controlled. Energy
the statistics of the laser beam which evolves from thds then primarily transferred between existikgomponents
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of the laser, that is, within the beam cone, limiting the maxi-plasma near the hohlraum wall after the incident laser beam
mum deflection. If filamentation is important, as in the highhas been deflected near the LEH. A fluid model is sufficient
intensity regions of an unsmoothgdo RPP beam, the to describe the beam bending effect, so most studies have
k-spectrum spreads and deflection to larger angles ensuesade use of this simplification in description. Because of
This was observed in simulations modeling the deflection oflow, and because the plasma charge state, atomic number,
smoothed and unsmoothed beams in Nova hohlraumand temperature in the gold differ from those in the l@w-
(Hinkel et al, 1998. plasma near the LEH, the SBS produced in the gold is not
The most significant portion of the laser deflection typi- amplified near the LEH nor does it retrace the path of the
cally occurs near the LEH. It is there that the transverséncident light. Thus, it is aligned along the direction of the
flows are near sonic. In addition, it is there that the deflectiordeflected incident light and is diagnostic of beam deflection.
has the greatest lever arm. An equal deflection occurring latérluid simulations of beam deflection and backward SBS
in the beam path near the wall gives rise to a smaller dis¢Hinkel et al,, 1999, which include the axial flow and den-
placement of the laser spot. The inner and outer NIF beamgity gradients as well as the transverse flow, reproduce the
encounter similar plasma conditions near the LEH, but beexperimental observations. Even tour de force PIC simula-
cause of this lever arm effect, the inner beams are the mo#§ons, such as those carried out by Wu, 1997 generally
critical for deflection. do not capture the differences between the Au where the SBS
In general, F3D simulations for filamentation and beamgrowth occurs and lovi&- regions of a hohlraum responsible
deflection angle for NIF show a smaller angular deflectiorfor the beam deflection. The simulations of Vu did include
and less filamentation than for the Nova scale-1 methandoth beam bending and SBS but showed no deflection
filled hohlraums or for the gasbags discussed beldimkel,  because most of the SBS gain occurred before the beam
1996. At peak power, the factorug/ve)?(n/ng) in Eq. (3-  bending.
16) is ten times smaller for NIF than Nova hohlraums be-
cause, at the sonic point, the NIF density is three times .
smaller, the NIF electron temperature is almost two times6' Crossing-beam energy transfer theory
larger, and the mean intensity in NIF designs is 50% smaller  Closely related to filamentation, stimulated Brillouin for-
than Nova hohlraums. This counterbalances the transverseard scatter is an instability in which the light is scattered in
flow scalelength which is about 4.5 times longer in NIF.  the near forward direction to larger angles with a small fre-
With the current Accelerated Strategic Computing Initia- quency shift. This has generally been observed to be a weak
tive (ASCI) machines, full-Nova-scale F3D simulations haveinstability. However, for two laser beams crossing in a
been dondwithout transverse floy(Still et al, 2000 Com-  plasma, if the difference of the frequencies equals the acous-
plete F3D simulations of NIF scale beams are not yet comtic frequency Qw=CgAk|), some of the power in the
putationally feasible. With the next ASCI upgrad8till, higher-frequency beams will be transferred to the lower-
2002, filamentation only NIF-scale runs should become pos{frequency beam. Her&, is the acoustic speed anxk the
sible. However, by piecing together a series of F3D runsdifference in wave vectors between the two beams. In a
each characteristic of successive parts of the beam patfipwing plasma, there will be a Doppler shift in the relative
beam deflections of 550 and 230n were estimated for the frequencies of the beams. In appropriate flow conditions
inner and outer RPP beams, respectively, at the hohlraurtwhere the perpendicular flow velocity equals the sound
wall, with no SSD. Wih 3 A of SSD, these are reduced to speed, the crossing beam energy exchange can occur for
150 and 58um, respectively. equal-frequency beams. The Doppler shift of each light wave
Control of beam deflection has been demonstrated bwill depend on its angle relative to the flow. Wkk-U
spatial beam smoothing in 10-beam Nova symmetry experi=kCg, the Doppler shifted higher-frequency wave can reso-
ments, as discussed in Sec. V. In these experiments, the obantly decay locally into the other. In some cases, significant
served shift in the optimal pointing for symmetry, with and power can be transferred from one beam to another by this
without beam smoothing, was consistent with F3D calculaprocess.
tions. Experiments on Nova with a single smoothed beam The first case of crossing-beam energy transfer evaluated
also showed the expected shift in the location of x-ray emistheoretically for NIF was the case in which the inner and
sion from the hohlraum wall. In these experiments, additionrouter cones of NIF beams had an array of four frequencies
of an RPP, by itself, to thé/4 beam was sufficient to elimi- (Kruer et al, 1996. [The multiple frequencies were origi-
nate the deflection within the experimental uncertaintynally envisioned as part of a four-color smoothing scheme
(=50 um) (Delamateret al, 1996 in agreement with F3D  (Penningtoret al, 1994; NTIS Document, 1996which was
simulations(Hinkel et al,, 1998. Thus, the additional effects abandoned when calculatioisITIS Document, 1996and
of SSD on beam bending were not testable in scale-1 hohkexperiments showed it was ineffective in controlling laser
raums. plasma instabilitiedNTIS Document, 19952 The higher
The near field images of the SBS from Nova hohlraumsfrequency components of one beam could then scatter via
are also deflected in a direction consistent with deflected instimulated forward Brillouin scattefSFBS into the other
cident laser light(Kirkwood et al, 1997a; Glenzertal, beam. Velocity inhomogeneity was shown to be an important
2000. Such images inspired Rose to conclude that beaniimit on the transfer but not enough of a limit to render the
deflection was responsible for asymmetric capsule imploeffect unimportant. A large energy exchange would compro-
sions. The SBS is produced in the highgold blowoff  mise NIF's ability to control symmetry by separately control-
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ling the power and pulse shape on the inner and outer coneeloped. The plasmas were created by irradiating a thin-
of beams. Two-dimensional fluid simulations of the energywalled gas balloon or a sealed hohlraufPowerset al.,
exchangegEliseevet al, 1996 between two Gaussian light 1995 containing of order 1 atm of a low-gas. In hohlraum
beams that cross at an angle of 20° showed that filamentatidargets large enough to emulate the NIF I1@wplasma, LAS-
of each beam as well as Brillouin scatter to larger angletNEX simulations show that almost all the laser light is ab-
(—20° and 40°) play an important role in the nonlinear dy-sorbed in the gas, and very little of the Au wall is heated.
namics. Thus, the Au wall laser—plasma interaction is best studied in
The theoretical understanding of this process was enthe standard Nova 1.6 mm diameter scale-1 hohlraum. The
hanced by consideringMcKinstrie et al,, 1996 in a homo-  scale length of plasma in the highwall is determined by
geneous plasma the 2D interaction of crossing light waveshe inverse bremsstrahlung absorption length rather than the
with a frequency difference near an ion—acoustic wave resdiohlraum size, and the high-plasma in a standard Nova
nance and by includingMcKinstrie et al, 1997 a number scale-1 hohlraum is similar to that in NIF hohlraums. Figure
of frequency components as appropriate for the four-coloB-10 compares the LASNEX simulations of the gasbag and
smoothing scheme or SSD. scale-1 hohlraums to simulated conditions in NIF hohlraums.
The distinction between beam deflection and energy exBecause of the longer pathlength in I&wmaterial, LPI ef-
change is somewhat artificial theoretically although the disfects in the lowZ gas should be greater for the inner beams
tinction in the NIF application is clear. Here, energy ex-than for the outer beams. Calculated gains for SBS and SRS
change is restricted to beams where the mean wave numbirgasbags are similar to that for the inner beams as shown in
between beams is bigger than the spread in wave numbeFsg. 3-10. The NIF outer beam intensity at the wall is higher
within the beamky/2f. In a steady-state analysiRose and than that of the NIF inner beams so hightPI effects are
Ghosal, 1998g the important case with both a frequency larger for the outer beams than for the inner beams. Most of
difference between the beams and uniform flow for RPRhe calculated SBS gain for the outer beams occurs in the
smoothed laser beams was considered so that both deflectibigh-Z plasma and the SBS gain for the NIF outer beams and
and energy transfer occur. Since flow can affect self-focusing Nova scale-1 hohlraum are similar, as shown in Fig. 3-10.
and the wave number composition of the beams, the interac- _ ]
tion of unequal frequency beams in a stationary plasma and- LP! plasma diagnostics
interaction of equal frequency beams in a flowing plasma are  Figure 3-11 shows the placement of the various light
not completely equivalent. scattering diagnostics in the Nova target chamber. The beam
Crossed-beam experiments on Nova, described belowhown is the interaction beaiveamline 7, on which the
resulted in significant energy transfer but less than estimatesIF beam smoothing antinumber were replicated.
based on theory and fluid simulations. Thus, the PIC code The Full Aperture Backscatter StatidifABS) (Kirk-
Zohar was used to examine how nonlinear effects on thevood et al, 1997a viewed the scattered light that propa-
acoustic wave driven by the crossing beams might limit thegates back down the beamline and is transmitted by the 1
transfer(Cohenet al, 1998. These simulations found that (1054 nm turning mirror closest to the chamber. This mirror
trapping and wave—wave nonlinearities do have a substanti@las high reflectivityabout 95% for the incident v light but
effect in reducing the transfer. This is also an active area ofransmits about 30% of backscattered @51 nm light. A
research and work remains before we can scale confidentlgrge hole was cut in the back of the mirror mounting box,
to NIF. It is a considerable challenge to simulations becausellowing access to the scattered light transmitted by the mir-
the angle between the beams can strain the validity of theor. Since light scattered from the target passes back through
paraxial approximation and the driven resonant ion waveshe Nova focusing lens, it is recollimated and is 70 cm in
demand more resolution than ion waves driven by specklgiameter when it emerges from the back of the mirror box. A
self-focusing of each beam. Yet, there is not the clear sepaecondf/4.3 Nova lens was then used to focus the beam into
ration in scales that is used effectively in treating filamentathe various diagnostic packages to allow analysis of the scat-
tion and backscatter in paraxial codes. tered light. A time-resolving SBS spectrometer, which was
calibrated with a time-resolving diode, allowed the power
history for SBS to be recorded. A CCD camera also recorded
a time-integrated image of the SBS backscatter angularly
Laser—plasma interaction experiments have been carrie@solved within the diagnostic acceptance angle., SBS
out with a variety of beam smoothing approaches and a vamaged in the plane of the Nova lens
riety of plasma conditions. The plasma conditions were as A diffuser placed in the FABS soon after the focusing
close to those expected in the NIF 300 eV baseline targets, dsns was used to monitor SRS scattering. The scattered light
well as conditions expected in both higher and lowerwas then recorded by a filtered diode. A complication was
radiation-temperature hohlraums, as could be produced witmtroduced by severe spectral modulations in the transmis-
Nova. These studies were intended to provide a broad dataion of the turning mirror. The modulation is due to the
base for optimizing the ignition design. multilayer coating on the mirror, which is optimized to re-
To emulate the lowZ regions of NIF hohlraums, various flect narrow-band a laser light efficiently, not to transmit a
targets were explored, including low-density foams and thirbroadband signal. This modulation makes quantitative mea-
exploding foils. The most promising targets were “gasbags”surements of SRS difficult. The difficulty was addressed by
and large gas-filled hohlrauntef which two types were de- using a streaked optical spectrometer to spectrally resolve the

C. LPI experiments on Nova
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FIG. 3-10. (Color) Nova gasbags and scale-1 hohlraums develop plasma conditions and linear LRtgkinsted by the postprocessor LIP with LASNEX

plasma conditionssimilar to NIF plasma conditions for the most unstable regions of the inner beams and outer beams, respectively. The interface between
the low-Z fill and the gold blowoff is indicated by change in color to yellow from blue or red. The red bars along the beam paths on the NIF hohlraum
schematic show what part of the NIF laser plasma interaction is simulated either by the gasbag or by the scale-1 hohlraum.

SRS signal seen by the diode. The spectrum could then ke chamber to look at sidescattered lighernandezt al.,,
corrected using the calibrated mirror transmission function;1995; Kyralaet al,, 1997.
and the diode signalwhich represents an integral of the The near-backscattering imag@&Bl) extended the con-
spectrum could be corrected accordingly. tinuous coverage of SBS and SRS backscattering outside the
The FABS diagnostic was calibratéud situ by using an  lens to 20° from the lens axis. This was achieved by placing
uncoated spherical mirror placed on the far side of the chama large annular plate of bead-blasted aluminum around the
ber. Beam 7 was then focused through a large lblenm  outside of the lens assembly within the target chamber. The
diametey in a plate positioned at chamber center. The platenear-backscattered light from the target scatters from the
rejected the unwanted harmonics of the laser béarg., plate as if from a diffuse screen and is then imaged by two
1054 nm and 527 nm in the case of a 351 nm calibrationifV cameras on the far side of the target chamber. Filters on
shoy, because the chromatic aberration in the Nova lens anthe TV cameras allowed us to separately measure @B&
the hole in the center of the Nova beam meant that only on851 nm and SRS400 to 700 nm Off-line calibration of the
color was focused at the hole. The light then diverged beforglate reflectivity and the known filter and TV camera
it was reflected by the uncoated mirr@metrologized off- throughput made it possible to spatially integrate an image
line) and sent back down the beam line, where it was reframe at shot time to determine the total amount of scattered
corded as a known amoufabout 8% of the incident power light. The images could also be combined with the images
of light. recorded by the FABS SBS and SRS cameras to provide an
The SBS detectors were calibrated using thecalibra-  image of the angular distribution of scattering inside and
tion shots that were run routinely to maintain confidence inoutside the interaction beam solid angle. The diagnostic was
the precision Nova incident-beam diagnostics. To calibratsupplemented by time-integrating diodes and fiber optics
the SRS detectors,a?2 (527 nm light was used, since its viewing the target through holes in the plate. The fiber optics
wavelength is in the middle of the spectral range of SRSallowed samples of the scattered light to be transported to an
light from most of the experiments. The sensitivity of the optical streak camera, where differences in time history as a
other components in the diagnostic relative to their sensitivfunction of scattering angle could be quantified.
ity at 2w was calibrated off-line. This process resulted in a  The calibration of the plate reflectivity plus camera sen-
typical uncertainty of 10% to 20% in the SBS and 20% in thesitivity could be checkedh situ by comparing the scattered
FABS SRS measurements. intensity with that recorded on the diodes. The sensitivity of
To complement the FABS, the diagnostic set includedthe FABS and the NBI could also be compared by using a Au
time-integrated diodes spaced at about 10° intervals arourfdil target at the chamber center to reflect energy from one of
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FIG. 3-11. (Color) Several diagnostics were implemented on Nova to study scattered light over a wide range of angles and frequencies. Also used but not
shown on this schematic is Thomson scattering.

the other beam lines towards beam 7. This technique uses the Another scattered light diagnostic shown in Fig. 3-11 is
“glint” reflected from the Au foil to fill both diagnostics with  the Transmitted Beam DiagnosticTBD) (Moody et al,
light. Comparison of the glint imaged in both diagnostics1997; Moodyet al, 1999, whose purpose was to measure
then revealed any inconsistencies as sharp jumps in imaghe amount of light transmitted by the open-geometry plas-
intensity where the coverage of the two diagnostics abuttechas and to study the effect of processes such as diffraction
one another. Contamination of the plate by target debris is #om filaments on the divergence of the transmitted beam.
potential source of inconsistency. The uncertainty in the NBIThe device was a frosted glass plate mounted on the opposite
SRS and SBS numbers is about 30% for the data discusseile of the chamber from Beam 7. In its original form, the
below. plate intercepted transmitted and forward-scattered light over
Sidescattered SBS light in these experiments was studieah angle equivalent té/7.2. However, the TBD was en-
with a diode array. The diodes were time integrating, so theyarged to detect light over &3.6 cone since the beam ex-
could not distinguish the contributions due to sidescatteringpanded beyond th&8 original beam divergence as a conse-
from the heater beams. The solution to this problem was tguence of refraction, diffraction in filaments, or forward
put fiber optics inside the chamber beside each diode to relagBS. The plate was viewed by an optical framing camera
the SBS light from there to an optical streak camera, whichihat recorded the beam angular spread at four distinct times,
then provided a time-resolved history of the sidescatteringogether with a streak camera that resolved the divergence in
that could be normalized with the time-integrated diode sig-one dimension continuously in time. Absolute measurement
nal (Fernandezt al, 1995. The contributions due to sides- of the transmitted light was made using a fast diode that gave
cattering from the heater beams could then be seen occurririge history of the beam integrated in both spatial dimensions.
early in time; those due to the interaction beam would com&he system was calibrated by firing a shot with known 3
later. This system of combined diodes and fiber optics wasaser energy through an aperture placed at chamber center
called the oblique scattering arré@@SA). In all applications that removed the & and 2v light. A secondary measurement
involving diode measurements, it was necessary to absonade with the TBD system was quantification of forward
lutely calibrate the detectors, filters, and blast shields off-lineRaman scattering by injecting some of the transmitted light
and then monitor how their calibration changed in the targethrough a fiber optic into a low-resolution streaked optical
chamber due to debris buildup by frequent recalibration andpectrometer. Fiber-optic coupling was also used to inject the
replacement of debris shields and filters. forward-scattered light into a high-resolution spectrometer to
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plasma

KPP

fi8 lens
KPP produces FIG. 3-12. (Color) A Nova beam was
rectangular flat converted tof/8 to simulate a NIF
top focal spot quad and to test the planned imple-

mentation of NIF beam smoothing.
Experiments have been done using a
17 GHz modulator with up to 5 Alw)

of bandwidth. This is similar to the
smoothing approach planned for NIF.
KDP wedges are added before the
KPP for PS; more details are shown in

Polarization
smoothing
wedges

n]] Color Intensity Polarization Fig. 3-13 for SSD and Fig. 3-15 for
(@ 1w) cycles smoothing PS.
NIF (1 quad): 17GHz 0-5A 2 KPP 1-410'5 Maybe
Initial Nova exps: 3 GHz 0-3A 1 RPP 2.10'8 No
Later Nova exps: 17 GHz 0-5A 2 KPP 1-4:10% Yes

investigate the effects of filamentation on laser wavelengthprobe higher density plasmas of>2x 10°* cm™ 3, a capa-
The Thomson scatterin@'S) diagnostic(Glenzer, 200D bility that has allowed the study of gradients which is impor-
was implemented at Nova in 1996 to investigate the propertant for highZ plasmas from disk target€Glenzeret al.,
ties of two-ion species plasméSlenzeret al, 1996 and to 1999 as well as for hohlraum&Glenzeret al, 1999c¢; Glen-
measure temperatures and densities in underdense large-scad@ et al, 1999a; Glenzeet al, 19991. In addition, our ca-
length plasmas. This diagnostic has provided important datgability to characterize higher-density plasmas with TS made
for testing our radiation-hydrodynamic modeling capability experiments possible to study non-LTE radiation physics in
(Glenzeret al, 1996; Glenzeet al, 1999 as well as atomic  steady-state Au plasma§oord et al, 2000 and the tem-
physics codedZimmerman and More, 1980; Lee, 1987 peratures of Au jet plasma&arleyet al, 1999 relevant to
Thomson scattering spectra provide a direct measurement gktrophysical phenomena.
the plasma properties without the need for modeling. More-
over, the temporal and the spatial resolution of the measure- )
ments was greatly improved compared to data obtained witf- B€am smoothing approaches on Nova
spectroscopy. Using TS, we have obtained the electron tem- The beam smoothing techniques tested on Nova, indi-
peratureT,, the electron densitg,, the averaged ionization cated schematically in Fig. 3-12, have evolved to match
stateZ, and the plasma flow velocity at known positions in planned NIF capabilities and potential modifications. Early
both gasbag and hohlraum targets. In addition, in plasmasxperiments used RPPSato et al., 1984 for beam smooth-
with large ion Landau damping such as in I@er two-ion  ing, with or without SSD. A schematic representation of SSD
species plasmas, the ion temperatlifeof the plasma can as implemented on Nova is shown in Fig. 3-13. The first
also be determined with TS. These data are obtained by f&8SD experiments on Nova us@ 3 GHz modulator capable
cusing a probe laser into the plasma and by imaging thef generating bandwidths up 8 A at 1w (1.0 A or 0.25 THz
scattered light onto spectrometers which show scatteringt 3w). RPPs produce an intensity distribution in the target
resonances at the ion—acoustic wave and at the electrgiiane that is an Airy function with as much as 16% of the
plasma wave frequencies. Initially these measurements weftight missing the LEH of a typical Nova hohlraum. Later
performed with one beam of the Nova laser with frequencyexperiments were performed with KPHBixit et al, 1999
doubled light at 527 nm. The use of 527 nm light limited TSand SSD using a high-frequency modulaté7 GH2 ca-
to experiments where stray light levels could be minimizedpable of generating bandwidths up5 A at 1v (1.6 A or 0.4
either by shields or by special heater and probe beam corFHz at 3vw). KPPs can be designed so that the intensity dis-
figurations. The TS capability at the Nova Laser Facility wastribution is essentially flat topped with up to 95% of the light
upgraded by implementing a high-energy grobe laser op- entering the LEH(Dixit et al, 1994. A potential problem
erating at 263 nm. A total energy greater than 50 Jagtat  with KPPs is that the focal spot may have more long-scale-
focal spot size of order 10@m, and a pointing accuracy of length intensity inhomogeneities. As shown in Fig. 3-14, the
100 um was demonstrated for target sh¢Glenzeret al, KPP implemented on Nova has an intensity distribution simi-
1999a; Glenzeet al,, 1999h. This laser provides intensities lar to that for the current NIF KPP design. As discussed
of up to 3x 10" W/cn? and meets the high-power require- above, the laser bandwidth is the product of the FM modu-
ments for laser—plasma interaction experiments in hohlator frequency(}, and the depth of modulatiom;, To have
raums. Stray light is much less important at dince there is  the entire spectrum of bandwidth at any time requires a full
no residual 4 light in the chamber produced by the heatercolor cycle across the lens so that smaller FM frequencies
beams. Moreover, the«!probe laser made it possible to require more grating dispersio, and a time delay ofr
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FIG. 3-13. (Color) SSD on Nova is applied by frequency modulating and dispersing the (fll4eSSD prior to amplification and conversion tas3

~400 ps at 3 GHz. The dispersion smears the focal spot of girection of displacement due to the polarization smoothing
KPP along the smoothing direction and limits the maximumwedges.

intensity available with SSD. The time delay also adds a rise

and fall time to a pulse that, at 3 GHz, significantly changes .

the pulse shape which, among other effects, complicates mg Gasbag experimental results

terpretation. The 17 GHz modulator developed for the later Gasbag targets are heated by nine unsmoothed Nova
experiments is needed for NIF and removes the limitationdbeams with 22 kJ of laser energy delivered in 1(@senzer

on experiments imposed by the 3 GHz modulator. Aet al, 1997h. The mean heater beam intensity over the laser
1200 mm ! grating was used to skew the pulse front by 150spot at the target is from 1.5 to@10* W/cn?, but there are

ps, corresponding to two color cycles of SSBkupsky large areas within the spot where the intensity is much
et al, 1989; Rothenberg, 19971 Eachf/20 NIF beamlet will  higher. As a result, about 20% of the heater beam energy is
have one full color cycle of SSD, so NIH8 “quads” will backscattered. The time history of the gasbag electron tem-
have two color cycles of SSD across their widt®ne goal perature for a €H;, neopentane-filled target near the target
of these later experiments was to verify that the combinatiortenter is shown in Fig. 3-16 from LASNEX calculations
of a high-frequency modulator and low-dispersion SSD withalong with TS data taken at 200 microns from the gasbag
a KPP focal spot gives results similar to those obtained wittcenter. When fully ionized, this gas fill gives an electron

RPPs and the lower frequency modulator. density of 9<10?° cm®. The LASNEX calculations account
The later experiments also tested polarization smoothindor the measured backscatter losses from the heater beams by
(NTIS Document, 1990; Lefebvret al, 1998; Pauet al, subtracting that power from the heater beams before illumi-

1994; Boehlyet al,, 1999, which was implemented by using nating the targetGlenzeret al, 1997h. The electron tem-

an array of Type | KDP doubler crystals cut at a wedge anglgerature peaks at 1 ns at 3 keV just when the heater beams
of 270 wrad as indicated in Fig. 3-15. The crystal wedgesturn off and then cools. Temperatures obtained from spec-
were inserted in the beam after the frequency tripling coniroscopy, shown in Fig. 3-17, are similar. The measured ion
version crystals and were oriented such that thep8lariza-  temperature peaks at 700 eV also at 1 ns and decays 200 eV
tion vector was at 45° to theando axes of the crystals. The over the next 400 ps whereas in LASNEX it continues to
wedges deflected the beam 0.8 mm in the target plane witincrease from 620 to 780 eV. The reason for this discrepancy
the speckle patterns due to the two polarization componentsas not been determined. The 1 ns long square pfil8e,
displaced 30um relative to each other, leading to the aver-interaction beam turns on at 500 ps with an intensity of 2
aging of intensity variations as the two speckle patterns are< 10° W/cn? (1.8 kJ in 1 ng.

added incoherently. The 1D SSD displaced the laser speckle Electron temperatures obtaine@arjoribanks et al.,
patterns in the target plane in a direction orthogonal to thed992; Kalantaret al., 1995; Kalantaret al, 1995a; Klem,
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1995; Marjoribankset al, 1995 from x-ray spectroscopy The electron temperature in theld, -filled gasbag was
useK-shell line spectra from mi@&- elementdsuch as 2000 measured with TiCr dopants and with Ar/ClI gas dopants
A of co-sputtered Ti and Cr or 2500 A of potassium chloride(Back et al, 1999. These spectroscopic measurements, us-
(KCh] on fibers placed in different locations inside the gas-ing three different line ratios, consistently indicate that peak
filled targets. Analysis of the line intensity ratios uses a timetemperatures of 3:00.5 keV, slightly below the nominal
dependent collisional-radiative model of the plasth@e LASNEX predictions, are achieved in the gasbags. Measure-
et al, 1984. Isoelectronic ratios of the He-like emission ments of Ar and Cl satellite and resonance lines over several
were used because they are less affected by time-dependesfiiots have enabled us to obtain a history of the temperature
ionization effects. Density variations are not expected to intise (Glenzeret al, 19970. The measured temperature lags
troduce large effects in the analysis and are included in theehind the temperature rise indicated by the simulation. Gas-
error estimates of the results. bags attain their peak electron temperature at 1 ns, when the
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FIG. 3-16.(Color) Gasbhag plasmas were developed to approximate the NIF inner beam plasma conditions. Sliavtheatgpical pulse shape of the heater
beam power(b) the f/8 probe incident poweric) the computed and Thomson scattering measurement of the electron tempédattire,fractional SBS
reflected power, an¢k) the fractional SRS reflected power. The multiple curve@jrand(e) are the scattering levels from different shots and indicate typical
shot-to-shot scattdiS. H. Glenzeret al, Phys. Rev. E55, 927 (1997)].

heater beams turn off, but they are homogeneous after abogént, 8 kJ absorbed, 3.1 kJ in electron thermal enefigy (

400 ps when they are heated witho Bieater beam¢Back =2 4 keV), and 4.5 kJ in kinetic enerd$6% of absorbed

et al, 1995; Glenzeet al, 2000a. energy. The heating of a stationary low-density target is
Figure 3-18 shows a gasbag target along with the thrégnerefore a much more efficient way of producing a high-

2D images of x-ray emission for energies greater than 2 ke\fonerature plasma. Also, the density and velocity gradients

By 500 ps, when the 1 ns interaction beam is turned on, tth a gasbag plasma are much less severe and therefore more

plasma is quite uniform. The explosion of the gasbag MEMsuitable for interaction experiments that mimic laser—plasma

brane perturbs the interior gasbag densities somewhat. Tt?ﬁteractions within indirect-drive ICE hohlraums
membrane is about 2000 to 3000 A thick after the bag has The electron temperature has been measu-red as a func-
been inflated and the material has stretched. The lasers heF]at

the membrane, causing it to expand and rarefy, much like a jon of radius from the gasbag center as shown in Fig. 3-18.
exploding foil iRosen and Nuckolls, 197.9Tha't process The Thomson scattering and the spectroscopic measurements

launches a shock into the bag, which propagates into thdre consistent. Two-dimensional hydrodynamic simulations

center of the target at about the sound speed. Unlike solid ofith LASNEX and FCI2(Buresiet al, 1986; Schurtzt al,
exploding-foil targets, the gas balloon targets convert most of 909 model the data well as shown. Very early in the evo-
the incident heater laser energy into thermal energy of th&ution the heat wave has penetrated to the center of the bag
electrons and less into kinetic energy of bulk plasma motionand produced a very uniform electron temperature and pres-
The energy budget for a typical gas balloon simulation is 228Ure. These conditions minimize plasma gradients and favor
kJ incident, 12.5 kJ absorbed, 8.8 kJ in electron thermal erthe growth of SRS and SBS. In addition to the electron tem-
ergy (Te=3.2keV) and only 2.6 ki21% of absorbed en- perature, the ion temperature and flow velocity can be ob-
ergy) in kinetic energy. For a typical exploding-foil plasma, tained from the TS data. By fitting the data with the known
calculations(to produce a 04, plasma show 22 kJ inci- shape of the TS spectrum in the collisionless plasma limit,
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FIG. 3-17.(Color) X-ray spectroscopy indicatels,~ 3 keV for both open and closed geometries designed to approach NIE iomer beam conditions on
Nova. The theoretical time history of the line ratios for the gasbags and hohlraums is calculated for plasmas with the peak temperature inditatad and w
time history of the temperature from LASNEX calculations. The nominal LASNEX calculations predict peak temperatures of slightly more than 3 keV.

one finds the ion temperature increases from 0.17 keV abf SRS is strongly affected by ion—acoustic damping, which
0.35 ns to 0.62 keV at 0.9 ns as the ion temperature slowlgcales withT;/T.. Near the end of the heater pulsg/T,
equilibrates with the electron temperature in this ldw- =~1/4 as measured by Thomson scatterisge Fig. 3-18
plasma. A mean plasma flow velocity in the Thomson scatfor NIF, this value is calculated to be about 1/2. For the
tering volume will add an overall Doppler shift to the spec- gasbag plasmag;; /T, remains below 1/2 but continues to
trum (not seen heneas will be seen in TS data from hohl- increasgmainly because the electron temperature decrgases
raums discussed in Sec. IlIC5. Random velocityand gets closer to NIF ratios after the heater beams are
perturbations, caused by nonuniform heating or by pondercturned off. By this criterion, the gasbag plasmas are arguably
motive forces of the heater beams, broaden the line shapwost NIF-like shortly after the heater beams are turned off.
and are less than 5% of the sound speed in this typical exFhe effect of ion wave damping on SRS levels in gasbags at

ample. early times while the heater beams are on and at late times
Figure 3-16 shows the typical time history of the SBSafter the heater beams are off, is further discussed below.
and SRS in a €H,, gasbag plasma at/n,~0.1. The SBS At their peak level after the heater beams are turned off,

peaks at about 0.75 to 0.8 ns while the heater beams are stiie SRS scattering is typically a factor of 1.5 to 2 higher than
on, and then drops to very small levels by the end of theat the end of the heater beams. The measured electron tem-
heater pulse. The SRS generally increases throughout thperature after the heaters turn off drops such that the SRS
heater pulse and continues to increase for a couple of hurgrowth rate is similar to a value before the heaters turn off.
dred picoseconds after the heater pulse is turned off. Withou¥loreover, the length of the plateau in electron density be-
a detailed understanding of the mechanisms controlling théwveen the blast waves is shorter than before the heaters turn
magnitude of the scattering in gasbags and its relation to NIeff. Thus, there is more linear gain before 1 ns than after at
laser and plasma conditions, it is difficult to conclude whencomparable electron temperature. Because an increase in the
the scattering from these gasbag plasmas is most “NIF-like.lon—acoustic wave damping after 1 ns will increase the LDI
The highest electron temperature of about 3 keV is reachethreshold, this nonlinear SRS saturation mechanism might
at 1 ns at the end of the heater pulse. Although this is 1 to 2xplain this difference between the SRS levels. In addition,
keV lower than a typical NIF plasma, the linear gain for SRSthis damping along with the decrease of the plasma length
is comparable to NIF at this time. However, as discussedowers the gain of SBS and eliminates the competition be-
below and in Sec. Il B 3, a nonlinear saturation mechanismween SRS and SBS which has been observed in a number of
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FIG. 3-18. (Color) (a) Gasbag target before it is pressurized. The thickness and the inner diameter of the wadhdrrism and~2.75 mm, respectively.

(b) Two-dimensional x-ray images measuring emission enerffie< keV, indicate that the gasbags are homogeneously heated-&it86 ns.(c) Experi-

mental electron temperature data for various radial positions measure® &5 ns and at=0.9 ns. The temperatures from Thomson scatte(gotid circles

show excellent agreement with the results from x-ray spectros@omares At t=0.35 ns, the electron temperature profile becomes flat indicating the utility

of gas bags for studying NIF-like laser plasma interactions. The data are consistent with two-dimensional hydrodynamic modeling using theNiBies LAS

and FCI2.(d) Experimental Thomson scattering spectra from a C5H12-filled gasbag measured from a radial distance of 0.8 mm from the gasbag center. The
spectra taken at=0.35ns and at=0.9 ns show increasing electron temperatures and decreasing electron-to-ion temperature ratios. The parameters are
inferred from the theoretical fits to the experimental data.

experiments. Acoustic wave fluctuations can inhibit LDI andet al, 1996. The effect of SSD bandwidth is shown in Fig.
the growth of SBSCohenet al, 2001). To simulate the SBS 3-19a) for the 0.1 targets. SSD reduces SRS slightly from
reflectivity in gasbags, fluctuations of magnitu@®//C; 7% to 4%; the effect on SBS is similar, 6% to 3%. For the
~0.3 (Montgomeryet al, 1999 are required absent nonlin- lower-density, 0.075; data in Fig. 3-1¢b), SBS decreases
ear saturation, but the TS measurements shown in Fig. 3-1fBom 10% to 6% while SRS decreases from 4% to 1%. At
rule out such large perturbations. Nonlocal thermal effect®.1n., there is a slight benefit to increasing the bandwidth
and non-Maxwell-Boltzmann electron distributions havefrom 0.5 b 1 A at 3, while for the lower density plasmas,
also been invoked to explain the SRS behavior when théackscatter is minimized with 0.5 A bandwidth.

electron temperature decreasésirkwood et al, 1996. Figure 3-20 shows scattering results using KPPs and the
However, for these plasma conditions, theory and experid7 GHz modulator as well as tests of polarization smoothing
ments do not support NMB distributions. performed in gasbag plasmadacGowan et al, 1999;

In the data summaries shown in Figs. 3-19 and 3-20, thélacGowanet al., 1997; Moodyet al, 200]). Most of the
peak SBSat about 0.8 nsand the SRS at pedk, (averaged data in Fig. 3-20 had a probe beam irradiance of 2
over the 50 ps diagnostic resolutioat the end of the heater x 10> W/cn? corresponding to the NIF 300 eV point design
pulse is plotted. (see Fig. 2-1 The data in the range from 0.13 to Onl%ad

Figure 3-19 shows the SRS and SBS backscatter data fan interaction beam irradiance ok4.0*> W/cn?, consistent
gasbags, using RPPs and the 3 GHz moduldftacGowan  with that in higher radiation temperatu(@50 e\) NIF hohl-
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FIG. 3-19. (Color) Experiments using gasbag plasmas with the interaction beam outfitted with RPPs and 3 GHz SSD showed the benefit of SSD in reducing
scattering. The SRG¢) and SBS®) reflectivity vs SSD bandwidth are shown f@ 10% critical andb) 7.5% critical gasbags filled with mixtures of&8,,
and GHg.

raum designs, which would have this higher density. The6%), especially for the case of SBS indicating that there is
bulk of the data with PS lie below the unsmoothed datasome benefit to PS for this case which primarily addresses
(open circley, while the experiments with PS drl A SSD  backscatter for the inner beams of the NIF hohlraum geom-
have the lowest backscatter levétstal scatter is less than etry. While the SRS is seen to increase with density in the

(a) (b)
T T T T ! .l ' 'm
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N » Most data shown are at 2 < 10" Wem—2 using a KPP. Higher

density data at 13 — 15% n_;, use a RPP and are at 4 = 1075 Wem—2

= 2.75 mm diameter gasbag plasmas

+ 17 GHz modulator for SSD

FIG. 3-20.(Color) Gasbag experiments using a KPP and 17 GHz SSD for beam smoothing show th@ 8B& SRSb) from gasbags filled with mixtures
of CsH,, and GHg are consistent with experiments using an RPP and 3 GHz (S&®Fig. 3-18
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gasbag experiments above, consistent with linear gain theory(a)
the SBS decreases with increasing density even though th 102 0.5 0.4 0.3 ® SRS
linear gain is about constant or increasing. Besides bein¢ ' ' ' ° ViglSsKig 03
observed in the Nova gasba@dontgomeryet al,, 1998, an i - ° ~ o
“anticorrelation” between SRS and SBS has been observec® 10°F C q e W 03
in a number of experiments including exploding foils at Lab- '“'. sl
oratoire pour I'Untilisation des Lasers Intenge§JLI) (Bal- 1001 o® [ o]
dis et al, 1993, and the Trident Laser Facility at LANL
(Montgomery et al, 1999. The former two experiments
used RPPs and the interaction region had a large number ¢pn
hot spots obeying speckle statistics. The anticorrelation wasgs 1072
observed for botti/4 andf/8 optics on Nova although there 5 § o)
was some difference in the absolute reflectivities. The Tri- 1073 U '
dent experiment used an almost diffraction-limited interac- 0.05 0.1 0.15
tion beam, i.e., a single hot spot. In all three experiments, ng/n
there is an anticorrelation in time during the laser pulse with cr
the transition from SRS dominance to SBS dominance oc-
curring over hydrodynamic time scales, namely, from 50 to (b)
500 ps. 100
One interpretation of these results is that the instability
with the largest gain exponent will have the larger reflectivity
and lower the reflectivity of the other. This effect is a 10
straightforward 1D theoretical result obtained by coupled
mode equationgBerger, 1983 and 1D PIC simulations
(Estabrooket al., 1989. However, these 1D calculations
have reflectivities far in excess of the observed ones. Imag & ® SAS
ing of the reflected light has shown that, in the plasma, the A SBS
reflected light is concentrated in “clumps” much less dense @™ g4
than the hot spots of the incident ligiBaldis et al., 1998. &
Clumps of reflected light are regions of the plasma whose
transverse size is much less than the laser spot but greatt 0.01
than a speckle width. The imaging system cannot resolve ¢
speckle and the SBS may be coming from individual speck-
les. In fact, the overall reflectivity is consistent with large ~ 0.001 L L = - — '
reflectivity in a few hot spotgTikhonchuket al, 1997. F3D 0.07 0.9 0.1 0.13
simulations confirm this as a plausible explanation for the ne"r"cr
LULI experiments and also for the Nova density scaling of

. . FIG. 3-21. (Color) Data(a) [D. S. Montgomeryet al, Phys. Plasmas,
SRS and SB&Cobbleet al, 2000. Thus if the more intense 1973(1998] and F3D simulationgb) show an anticorrelation of the SRS

speckles, that have only a fraction of the total power, accouning sgs reflectivity as a function of electron density. The SBS and SRS
for most of the reflectivity, SRS and SBS competition in thereflectivity for a given density was varied in the simulations by changing the
speckles can explain the observed anticorrelation. ion wave damping which gffects_the linear SBS g_ai_n a_nd the SR_S and SBS
Shown in Fig. 3-21a), for the Nova gasbag experiments, ZaRtLérarlggg(.:tli:V?tryeach density, a higher SBS reflectivity is paired with a lower
are the SRS and the SBS reflectivity at the time of peak SBS '
reflectivity plotted against the electron density from Nova
experiments. LASNEX simulations and the post-processotatively in agreement with the experimental results. Impor-
LIP, predict that the SBS gain exponent for these experitant ingredients in the simulations, in addition to the correct
ments was roughly constant with density while the SRS gaiplasma parameters that determine the growth of SRS, SBS,
exponent rapidly increased. The behavior of the SRS gaiand filamentation, are the saturation mechanisms in F3D that
exponenfsee Eq.(3-12] is expected because,, the Lan- limit the amplitude of the plasma waves. As described in
dau damping of the resonant Langmuir wave, is a stronghSec. 11l B 3[see discussion following E¢3-14)], the satura-
decreasing function of the density. The SBS gain exponertion of SRS and SBS is accomplished in F3D by introducing
[see EQ.(3-11)] has an explicit dependence on density butan amplitude-dependent damping on the Langmuir and
also an implicit one because of the density dependence of thecoustic waves, respectively, when these plasma waves ex-
ratio of the ion—acoustic wave damping to its frequency,ceed the threshold for nonlinear decay. These thresholds are
v,/w,. The dependence of,/w, on density arises from its determined by PIC simulations or nonlinear fluid simula-
dependence of; /T, and the density dependence of the tem-tions. This is an active area of current research.
perature equilibration which caus@s/T, to increase with The light transmitted through the gasbag plasma is influ-
density(and timg. F3D simulationg2D) of the density de- enced by collisional absorptiofinverse bremsstrahlupg
pendence of the reflectivity, shown in Fig. 3¢BJ, are quali- filamentation or stimulated Brillouin forward scatter, as well

ty (%

107!

BS reflectiv

0.2

=
=

=
—
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FIG. 3-22. The incident laser power, measured transmitted pésedic), Density (ny/n,)

and the calculated transmitted poweashed are shown for low laser in-

tensity (=104 W/cn?) [J. D. Moody et al, Phys. Plasmas, 3388 FIG. 3-24.(Color) The transmitted power fraction at 1 ns is compared to the

(2000]. LASNEX calculated fraction as a function of electron densityff& focus-
ing with and without SSD and fafi/4 focusing. The agreement is better for
f/4 and SSD, both of which reduce filamentat[dn D. Moodyet al, Phys.
Plasmas7, 3388(2000].

as stimulated backscatter. The TBD measures the time-

dependent transmission within the initial cone angle of the
/8 lens and the light scattered to larger angles both with thearly in time {<0.35 ns) the gasbag temperature is less uni-
fused-silica scatter plate and with optical fibers coupled tdorm and light scattered out of the beam may be absorbed by
streak cameras as described above. In Fig. 3-22, the meesld plasma not yet heated by electron conduction.
sured and LASNEX-calculated transmitted light time history ~ The spectrum of the light scattered to larger forward
agree very well for a low intensityl € 10'* W/cn?) interac-  angles is consistent with stimulated Brillouin forward scatter
tion beam. However, at higher laser intensity=@ (Moody et al,, 1999a. The amount of light scattered to large
X 10" W/cn?) shown in Fig. 3-23, the measured transmittedangles is reduced by the use of beam smoothing, both SSD
laser power lags the LASNEX-calculated power early in theand four color, and possibly PS. In the experiments, the
pulse although the agreement is good later in time. The difamount of large angle scatter is reduced by a factor of 2 to 3
ference can probably be accounted for by the fact that they either SSD and PS separately and is reduced by about a
measured temperature early in the pukee Fig. 3-16 for TS  factor of 10 by the combination of SSD and PS. Filamenta-
data is lower than calculated which increases the absorptiontion, which plays an important role in beam spray, has a
and that the laser beam is more unstable to filamentation artdgher gain for highef numbers as indicated by Eg-13).
beam spraying early in the pulse. There is more scatter t63D calculations of botH/4 and f/8 beams which model
larger angles measured by the TBD earlier in the pulse, posnly a representative portion of the laser beam, are in good
sibly to angles beyond the edge of the scatter plate. Moreagreement with the data for angles out to a few times the
over, because the area increases rapidly with angle while thacident cone angle. However, there is less calculated scatter
power of the scattered light is decreasing, accurate measurat even larger angles than in the data, possibly because the
ments of the power scattered to large angles is difficult. Venaxial length of the simulated plasma is too short to allow
forward Brillouin to grow fully. The results from a large
number of shots, shown in Fig. 3-24, show that temporal

2500 beam smoothing improves the agreement between LASNEX
Incident and the measured transmission over a range of densities from
2000 Lasnex 0.07 to 0.1,
—~ calculated A number of experiments measuring the spreading of the
% 1500 transmitted light have been done with the TBD. In general,
E the spreading agrees with the theoretical and simulation scal-
2 1000 ing. Detailed comparisons of the spreading of the light trans-
o mitted through gasbags with thfé4 Nova beam vs predic-
500| tions of the massively parallel code pF3D are in good
. agreement out to 15°. Comparisons at larger angles, which
Transmitted . . . .
0 | require greater spatial resolution and thus more memory in
0 0.5 1 15 2 the simulations, are planndtVilliams, 1999. However, the

Time (ns) amount of power scattered to these larger angles is energeti-

o _ . cally insignificant for ICF.
FIG. 3-23. The incident Ia;er power, measured transmitted p(mzﬂxj) To understand the dependence of SRS saturation on ion—
and the calculated transmitted powelashedl are shown for high laser . A . . .
intensity ( =2x 105 W/cn?) [J. D. Moodyet al, Phys. Plasmag, 3388 acoustic wave damping, experiments were carried out with

(2000]. gasbags filled with Xe mixed with varying amounts ofHG,
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to systematically vary the ion—acoustic wave dampiigk-
wood et al, 19969. LASNEX simulations show that the Xe
gas ionizes to a charge state of about 40, similar to the charge —_— =T, (ke V)
state of 50 for Au in the hohlraum plasmas, and therefore Xe
has very similar collisional properties. The fraction ofHz,
can be varied between 0 and 30% without affecting the elec-
tron density significantly, while changing the ion—acoustic
wave damping by a factor of 15.

The electrons are heated to a temperature Tqf
=3.6 keV during the last half of the 1.0 ns square heater
pulse when the plasma parameters are most constant in space
and time(Glenzeret al,, 19978. The electron density iB,
_=8_.5><_1O20 cm 3, determined by the initial gas density and % 0:2 0:4 0:6 0.I8 1 1'-2 1_'4 16
ionization state. The temperature is determined from mea-
surements of x-ray line ratios and x-ray transport modeling
and is in agreement with LASNEX simulations. The varia- FIG. 3-25. The calculated electron density, temperature, and average ioniza-
tion in measured transmission of a beam through the plasni¢n state att=0.9ns for a gasbag target containing 90% Xe and 10%
(Moody et al, 1994 is only 1% to 2% when the 11, B L o T prya. Rev Lot
concentration is varied from 0% to 30%, also in agreemen¥7 »706(1996].
with the simulations, indicating that the electron temperature
variations are small<€*=6%). Measurements of the radi- . ) ] )
ated x-ray power in the photon energy range from 0.2 to 4he plasm.a or a density decregse in the; scatterln.g region.
keV indicate that the radiated power is also constant within ~ Experiments, performed with six different mixtures of
+15% over the same range oflg;, concentration. Keeping X€ and 0% to 30% €H,,, exhibit a strong dependence of
the electron density and temperature constant while thE® SRS reflectivity on the concentration ofkG,. The in-
CsH,, concentration is varied ensures that the frequency antfgrated energies from the two time periods are expressed as
damping rate of the Langmuir wave is also constant. ThifPercent reflectivity of the incident beam power due to SRS
assumes that Landau damping dominates the damping sinéad p_Iotted in Fig. 3—2.7: In.the mtegr.ated data it is c_Iear that
collisional damping does depend on the charge ate late time SRS reflecpwty is approxmatelly proport_lonal to

For these experiments, the interaction beam power wathe GHj, concentration for all concentrations studied. The
1.5 TW for 1.0 ns. This beam was delayed 0.5 ns with re£arly time reflectivity is proportional to concentration up to
spect to the heaters and focused at the plasma center. Refld@% and becomes independent, or a mildly decreasing func-
tivity measurements were made during the 0.5 to 1.0 ndon, of concentration between 10% and 30%. Because the
(early) period when the heaters were on, as well as during thion—acoustic damping rate is expected to be linear with
1.0 to 1.5 nglate) period when the plasma was cooling. The CsHi2 concentration in this cas@illiams et al, 1995; Vu
interaction beam was smoothed by an RPP and(3«d FM et al, 1999, a linear dependence of reflectivity orgkg;,
bandwidth dispersed across the beam with the 12060ncentration is interpreted as a linear dependence on the
lines/mm grating, so that its peak intensity and spot size iflamping of the ion—acoustic wave.
vacuum are 7.8 105 W/cm? and 177um FWHM (345 um For the egrly time dgta, during the time when the heater
between first Airy minima The plasma properties encoun- l:.)e.ams are still on, the linear O[ependence of the SRS reflec-
tered by the interaction beam during the early period ardiVity on the GHj, concentration is only seen when the
calculated by LASNEX for a 90% Xe, 10%;8,, gas mix, C_Z5H12 concentration is less than 1_0%. FosHG» con_centra-
indicating a temperature, and density plateau near the plasnti@ns above 10%, or normalized ion-wave damping of 5%,
edge as shown in Fig. 3-25. The collisional absorption lengtihe early time SRS reflectivity is not very dependent on the
for 351 nm light in Xe with a 3.6 keV electron temperature ion-wave damping, and the inferred Langmuir wave ampli-
and 8.5<10%° cn® electron density is 80um. Therefore,
the majority of the backscattering occurs outside
=0.5 mm. The downshifted light scattered within 20° of di-
rect backscatter is measured with a streaked optical spec-
trometer in the visible, with a spectral range from 400 to 700
nm, and a second spectrometer in the UV, with a spectral
range from 346 to 361 nm. The case of Xe with 5.5%1¢
mixture is shown in Fig. 3-26. During the early period the
peak of the spectrum is at 575 nm consistent with scattering
from a Langmuir wave propagating in a plasma with a den¥IG. 3-26. Time-integrated SRS spectra from a Xe-filed gasbag with a
sity equal to 10% of the critical density and a 3.0 keV elec-5-5% GH, content for the “early phase” from 0.5 to 1.0 ns while the
tron temperature comparable to the simulated plasma pararﬁgater beams are on, and from the “late phase” frc_)m 1.0 to 1.5 ns after the

eater beams have turned off. The frequency shift after the heater beams

eters near = 1.2 mm. After the heaters turn off at 1.0 ns, the turns off is consistent with cooling of the plasi. K. Kirkwood et al,
peak shifts to shorter wavelengths, indicating the cooling oPhys. Rev. Lett77, 2706 (1998].
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15° 0.05 041 01> 5 ion—acoustic modes are different in an He/plasma from
O early /I the modes in a hydrocarbon plasma so that the SBS thresh-
O late / 44 olds and growth rates may be different. Extrapolation of the
10l )}, (Bn/n)? late time scattering results for the Xe#,, gasbag results,
Tx10% or the LANL toroidal hohlraum results to the ion—acoustic

/ wave damping values expected in an indirect-drive hohlraum
5} designed for ignition on the National Ignition Faciliti}IF)
? g {’ é imply SRS reflectivity in the range of 50%. However, mea-
surements in gasbags with a He/H or a He/H/Ne fill dis-
L L L L L L 0 cussed belowMoody et al) show relatively little change in
o 0.05 oé Ho"'f o't? 025 03 035 scattering as the ion—acoustic damping increases from 0.1 to
shir2 raction 0.4 of the acoustic frequency.
FIG. 3-27. SRS reflectivities from Xe-filled gasbag targets averaged over ~ AS with other gasbags, nine Nova beams were used to
the “early period” and the “late period” are shown vs;B;, concentration.  heat the He/H/Ne gasbags and the tenth beam drives the
The calculated ion-wave damping is proportional to théif; concentra- 50y seatter instabilities. The heater beams vigteS, do not
tion. The square of the fluctuation amplitude is estimated from the reflec- L
tivity [R. K. Kirkwood et al, Phys. Rev. Lett77, 2706(1996]. use a phase plate, and were defocused to a diameter of about
1.5 mm to illuminate a large section of the gasbag surface at
an intensity of about 6 W/cn?. The probe beam, with
intensity between 1.8 and 210" W/cn?, was configured

tude falls below the threshold for the secondary decay. Ongg 4¢/4 3 heam for these experiments. Laser light from the

possible explanation for this behavior is that the SRS gene_trfF-)robe always passes through a KPP. This KPP produced a

atedhLar;gmmr wz(ijve '3 con\t/ke]ctlvr?I)l/ q s_zra;urated bdefored focal spot in the shape of an ellipse whose diameter is about
reaches the secondary decay thresnold. The secondary decgy, pm along the major axis and 260m along the minor
mechanism will only determine the SRS reflectivity when

the ori th . fficiently st o dri axis. The intensity envelope of the focal spot was fairly flat
€ primary three wave process IS sufliciently strong o drve, 4 drops off rapidly near the edges. The vacuum transverse
the Langmuir wave amplitude to the threshold for the sec- : . o
sPeckIe size at focus iBAg=~1.3um and the longitudinal

ondary decay. The late time data show linear dependence ACpth of focus is 82\ ~50 um. wheref = 4.3 is thef num-
the reflectivity on the gH;, concentration up to much higher berpof the brobe beaom focﬁljsir; cometr )
concentration than at early time. At late time the plasma has The taFr)gets were filled wit% gl atm 03:,' a mixture com-

cooled and SRS has a higher convective saturation level forOsed of He. H. and Ne gases and then the entire target was
the three wave process because of the reduced Landau danﬁc)p- led t b t 27 K r?'l keeping th ¢ g ¢
ing of the Langmuir wave at lowl,. A high convective ooled fo abou while keeping the pressure at 1 atm.

saturation level allows the Langmuir waves to grow to theThe resulting ionized electron density was about 0.07 to

secondary decay threshold even when ion-wave damping 8.08'10 for 351 nm laser light. Three gas mixtures were cho-

large, resulting in a reflectivity that follows the linear scaling S€" 0 Provide a range of both andTe. The three mixtures
with ion-wave damping up to at least 30%, as shown in FigVere (1) 90% He, and 10% Ne(2) 40% He, and 60% bt
3-27. (3) 33% He, 52% H, and 15% Ne. Hydrogen increases
Additional evidence for the importance of the LDI is @nd Ne increaseb, compared to pure He. To achieve a large
provided in hydrocarbon plasmas in which @ Biser beam Vi the targets were also designed to give a highehan in
beats with a @ beam to drive a resonant Langmuir wave the hydrocarbon gas fill target.s. This was done by increasing
(Kirkwood et al, 1999. The plasma density was varied until € 9as balloon size by 1.25 times that used for hydrocarbon
the maximum response was obtained. As the incident powe#2S fill experiments and heating the target fpr 1.5 ns rather
of the 2w beam is increased, the transferred power increasdfan only 1 ns. These changes gave more time for the elec-
until the threshold for LDI is exceeded, after which the trans-ron and ion temperatures to equilibrate, leading to a higher
ferred power shows no further increase. T, and highemw; . Figure 3-28 shows the calculated electron
For LPI effects, the primary differences between the hy-femperatures and ion damping for the three mixtures. The
drocarbon plasmas used in most of the Nova gasbag expeflots along the curves are at 100 ps intervals along the 1.5 ns
ments and the He/fHplasma hohlraum fills planned for NIF interaction pulse. The plasma electron temperature near the
are the different ion—acoustic damping rateand the differ- ~ end of the heater pulse, characterized using TS, is about 1.5
ent ion charge valu@. As discussed above, gasbag experi-keV for the HeH mixture. This is about 0.5 keV lower than
ments which explored the effect of ion—acoustic damping orihe LASNEX/FCI2 calculations. For the HeHNe mixture, the
SRS and SBS in CH and Xe plasmas found that increasing €lectron temperature is about 2.2 keV, which is almost 1 keV
led to an increase in the SRS, particularly during the latgower than calculated. Because the Nova facility shut down
phase after the heater beams were turned off. This effect ghortly after these experiments were conducted, the reason
also seen in the LANL toroidal hohlraum experiments dis-for this difference between measured and predicted tempera-
cussed below. ture was not determined. Gated x-ray pinhole camera mea-
The effect of ion charge value is twofold. First, a lower surements showed the targets becoming relatively uniformly
value ofZ reduces the effects of thermal filamentation thatheated after 0.5 ns.
affect the laser beam spray. In addition, the multispecies Figure 3-29 shows the time history of a typical back-

1
[y

SRS Reflectivity (%)
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lon damping trajectories NIF
D.E T T T T ] T T
0.4 -
The trajectories
03 4  show the LASNEX FIG. 3-28. (Color) Three mixtures of
£ calculated evolution He, H, and Ne gas provided ion damp-
‘:'_.;& ozl | of viz and T, for the ing and_ electron te_n_1perature scaling in
= different gas-fills a NIF-like composition lowZ plasma.
Mova CH g The dots along the curves represent
0.1f Hehe gasbags - 100 ps intervals in time along the 1.5
ns heater puls¢J. D. Moody et al,
S ¢ ; . , ; ; “First measurement of backscatter de-
ﬂ1 15 2 2'_;' 3 35 4 pendence on ion acoustic damping in a
’ ’ ' low-Z, high density laser-plasma,”
Te (keV) Phys. Plasmago be submittej.
Heaters |
o |
0 0.5 1 1.5 2
Time (ns)

scattering signal from the HeNe, HeH, and HeHNe fills. Incooling phase. However, for the HeHNe plasma, which has
all cases, the time history is qualitatively similar to that seerthe most NIF-like ion—acoustic damping, the peak SRS scat-
in the hydrocarbon-filled gasbags. The SBS peaks slightlyering at any time during the pulse is 10% or less, and the
before the time of peak electron temperature. The SRS peal&BS is always less than a few percent. As shown, the addi-
a couple of hundred picoseconds after the heater beams aiien of 3 A (1w) SSD has relatively little effect on the total
turned off. As for the earlier gasbag experiments, there iscattering. The SBS is suppressed by about a factor of 2
typically a factor-of-2 difference between the SRS at pEak while the peak SRS is essentially unchanged but reaches a
just before the heater beams turn off and the peak during thieigher value earlier.
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FIG. 3-29.(Color Time histories of SRS and SBS in Held;&0.3), HeNe ¢;=0.1), and HeHNe«;=0.4) gasbag plasmas are similar to those in gasbags
with hydrocarbon fills. The time-integrated reflectivity is also given on each figure. The peak scattering only depends weakly on the ion dampiag for the
low-Z NIF-like gas fills[J. D. Moodyet al, “First measurement of backscatter dependence on ion acoustic damping inZa ligh density laser-plasma,”

Phys. Plasma&o be submitteg.
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FIG. 3-30. (Color) Calculations of the forward scatter from the HeH experiments using the parallel F3D code. These results are in good agreement with the
observed scattering out to about 10°. The experiments show somewhat more scattering at larger angles where the calculations have plabrDstatistics
Moody et al, “First measurement of backscatter dependence on ion acoustic damping inZa ligh density laser-plasma,” Phys. Rev. Légubmitted].

Figure 3-30 shows the measurements of the transmittegpatially with a binary RPRNTIS Document, 1991 De-
light from the probe beam. This light is measured using thepending on the experiment, the size of the square phase-plate
TBD described above. The beam spray is similar to that meaelement was either 3.1 or 5.8 mm. The interaction beam best
sured on hydrocarbon-filled gasbags and shows that the méoscus is placed near the hohlraum midplane, about 1 mm
jority of the sprayed light remains within about &3 or f/2  forward from the beam-crossing location which is near the
cone angle with a small amount of light beyond this. TheLEH, but the intensity values quoted below are those at the
redshift of the forward scattered light indicates that forwardhohlraum LEH unless otherwise noted. In vacuum, the peak
SBS is responsible for the spray. intensity at the midplane would be about a factor of 1.6

The forward scattered light was calculated using PF3Chigher at the midplane than at the LEH with the 3.1 mm
to analyze transmission through the entire He/H plasma. Thﬁhase plate, and about 2.8 for the 5.8 mm phase plate. In-

calculation is compared to the measurement in Fig. 3-30. Th@erse bremsstrahlung absorption of the beam decreases the
calculated and measured beam spray show good agreemejjiference.

out to about 10%the resolution of the calculation was such  The hohlraum gas fill, with pressures of up to 2.2 atm, is
that scattering beyond 15° was suppressédreement be-  contained by thin windows covering the two LEHs. The gas
tween the measured and calculated transmitted light spectrgjis were GHs (propang at about 1 atm, H,, (neopen-
shift is good outside of th&/4 cone angle, but the calculated tane at about 1 atm, and £, (isobutang at up to 2.2 atm.

shift is larger than the measured shift inside of the CON€rhe LEH window is made of silicon nitride 0,8m in thick-

angle. ness except in the case of isobutane gas fills, where the
_ higher pressure requires a polyimide window Qu# in
4. Toroidal hohlraums thickness. When the gas is fully ionized, the nominal density

An alternative approach to producing long-scale-lengthfor these fills isne/n.=0.065 for GHg, ne/n.~0.11 for
low-Z plasmas on Nova was pursued that used large toroiCsHi2, andng/nc=0.17 for GHy,.
dally shaped gas-filled hohlrauniBernandezt al., 1996a; The shapes of the,, Te, andT; profiles predicted by
Wilde et al, 1996; Fernandeet al, 2000. The hohlraum is LASNEX are similar for the range af./n. in this study, as
illustrated in Fig. 3-31. Nine of the 16/4.3 beamgheater shown in Fig. 3-31, bottom. Note that tmg/n. plateau is
beams turn on at time 0, reaching approximately 2 TW eachabout 1 mm in length, with a value dependent on the gas fill.
in 0.1 ns. Subsequently the power ramps up to 3 TW at timéor GH;,, Te~3 keV has been measured spectroscopically
1.4 ns, when all beams are turned off. An interaction beam i¢Fernandezt al, 1996a; Wildeet al, 1996, and T.=2.50
turned on at 0.4 ns and is kept at constant power for anothet 0.25 keV has been measured by collective Thomson scat-
1 ns. The interaction beam in these experiments is smoothedring (Glenzer, 1998along the hohlraum axis near the hohl-

Downloaded 20 Mar 2011 to 69.181.48.121. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Phys. Plasmas, Vol. 11, No. 2, February 2004 The physics basis for ignition using indirect-drive . . . 397

(a) (b)

Window . [ —
frame 8 8 8 8
Film Density (PDS)
i | TR T |
G -
E ] d :
E ] C
c 0+ -
2 ] C
& 1] L r
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; : : . d and 3.2 mm in diameterb) Hohlraum x-ray image
) - 0 1 2 (0.08 ns frame timetaken at time 0.12 ns is shown. For
Position (mm) this picture only, th_e hohlraum had thi@ um) Au _
walls, and the gas fill was suppressed to allow a suffi-
- cient production ofL-shell photons that reach the pin-
© LEH Time =1 ns Wall (4 LEH Time = 0.7 ns Wall hole camera to record an imade), (d) Profiles within
Gas fill= C; Hip Gas fill = C5 Hg + the hohlraum along a beam path, as calculated with
SF 10 LASNEX, are plotted for neopentar(e) and propane
fo TelkeV) Te (keV) (d) gas fills[J. C. Fernandeet al, Phys Plasmag,
AL D 3743(2000].
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raum midplangFig. 3-31, bottom left In the homogeneous regime. In this model, significant reflectivity occurs when a
region, LASNEX predictsT,=2.5 keV for the propane fill critical intensity is exceeded. The change in the onset inten-
due to decreased laser absorption at lower and T, sity seen in Fig. 3-32 as the electron densigys changed, is

=3 keV for the high-pressure isobutane due to increased lazonsistent with the expected change in the critical intensity
ser absorption at higher,. Besides the changes predicted in | . defined as the intensity at which the SRS gain at the mean
T, varying the gas fill is a straightforward way to vamy, intensity is one for a length equal to the speckle length. Ex-
and consequently to vary, at constani anduv; over the amining Eq.(3-12) for the SRS gain with collisionless damp-
range of interest for ignition hohlraums. These nominaling, the dominant contributor to, here, and one sees that
plasma conditions correspond to\p~0.43 for propane, the critical intensity decreases with density because the Lan-
khAp~0.325 for neopentane ankh~0.25 for the high- dau damping decreases with increase in density. For intensi-
pressure isobutane whekds the wave number of the Lang- ties of interest for NIF] ~2x 10* W/cn?, the SRS reflec-
muir wave. AlthoughT, is designed to remain fairly constant tivity RggrsiS insensitive to the exact value of intensity
over the period when the interaction beam is ®pjs pre- which is one manifestation of nonlinear SRS saturation. In
dicted to increase in timéFernandezt al, 19964 due to  these experiments, the two reflectivity measurements from
electron—ion collisions, reaching; /T,~1/4, compared to neopentane plasmas in which the interaction beam was tem-
about 1/2 expected with the longer laser pulse in the NIF. porally smoothed by spectral dispersithA at 1.053um)

The measured reflectivity includes all of the backscat-are lower than the measurements in experiments which used
tered light within an 18° cone from the interaction beamonly random phase plates but still higher than 10% and
propagation direction, significantly larger than the interactionhigher than typical in gasbags.
beam cone. In practice, the SRS light outside the interaction The SBS reflectivity, much lower than the SRS, is also
cone is always negligible whenever dM.3 interaction shown in Fig. 3-32 for the same shots, including the contri-
beam is used, which is the case here. bution near but outside the interaction beam cone. The onset

Time-integrated measurements of SR3Rs, as the in-  intensity for SRS lies significantly below that for SBS. Also,
teraction beam intensity is varied are shown in Fig. 3-32 foras expected, the onset intensity for SRS changes mgth
two different gas fills. Significant SRS is measured for lasewhile for SBS it does not.
intensity above ~10'* W/cn?. The observed onset intensity Figure 3-33 shows time resolved spectra from two toroi-
is consistent with a model which computes the response of dal hohlraum experimentdlontgomeryet al, 1998, a stan-
statistical ensemble of hot spots from an RPP béRwse dard hohlraum and one which was lengthened by 0.25 mm.
and DuBois, 1994 provided SRS is in the strong damping The wavelength of the Raman scattered light from the three
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G. 3-32. Ti d reflectivity for stimulated
2 ASRS Raman scatteringRggrs, and for stimulated Brillouin
; &7 @§|®ses scattering,Rsgs is plotted versus interaction beam in-
= ASRS/ f A SRS tensity | for gas fills of neopentana,/n.=0.11 (a),
‘8’ SSD and propanen,/n,=0.065 (b). The nominal plasma
% . conditions correspond t&\p~0.325 for neopentane
[ (@ and kap~0.43 for propane(d) [J. C. Fernandez
} B et al, Phys Plasmag, 3743(2000].
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gas fills can be matched using the kinetic SRS dispersion 2.0 maa _ iaa !
relation by assumingn./n., T (keV)]=(0.055,2.5),0.11, (b) SBS
2.75, and (0.13, 3.0, respectively. The density values are |
somewhat lower than the nominal gas fill values correspond-
ing to the expected initial densities.

At a time of about 0.8 ns in the smaller hohlraum and 1.0
ns in the stretched hohlraum, there is a disruption in the
spectrum. There is a decrease in the Raman scattering at the  , |
wavelength corresponding to the gas fill and significant scat- :
tering at a longer wavelength corresponding to a higher den- 1 (ns) |
sity perturbation from the blast wave of the hohlraum win-
dow. The measured SBS also peaks at this time. It is 0.5]
tempting to assume that the blast wave, generated by the
explosion of the hohlraum window, is causing these spectral
features(Montgomeryet al., 1998. However, the disruption
in the scattered spectrum occurs only in a relatively narrow 2.0 BEl
time interval while the interaction beam passes through this
blast wave throughout its time duration. A calculation of the
linear gain for SRS along the entire interaction beam path
shows no discontinuity as a function of time. However, if the
linear gain is calculated over a restricted region of the inter-
action beam path, from 0.6 to 1.2 mm, the calculated spec-
trum is similar to that which is observed. Also the time at 1.0
which the blast wave would get to this region is consistent
with the time at which the spectral change is observed. This
is possibly evidence that the observed scattering is coming
from a restricted region in the hohlraum. There is nothing in
the LASNEX calculations of the hohlraum conditions which
would pick out this region as more important than any other
for the effects of the blast wave. However, this region does : !
coincide approximately with the region where the interaction 400 500 600 0 10
beam intersects a beam coming from the opposite side of the
hohlraum. More work will be required to understand these
features of the scattering from toroidal hohlraums. Early gas-
bag experiments, which used a thicker gasbag wall alseiG. 3-33.(Colon The time history of the SRS spectrui@ and the SBS

showed a disruption in the scattering spectrum. Later experipectrum(b) in propane-filled(C3H8) hohlraums for the standard toroidal
ments with thinner walls showed no such features. hohlraum length shows an earlier onset of SBS and d|srl_1pt|0n of SRS than
. . . that of the SRS spectruiic) and SBS spectrurd) of a toroidal hohlraum
Figure 3-34a) shows the highest instantaneous SRS reyynose length was increased by 0.25 finC. Fernandeet al, Phys Plas-

flectivity versus electron density from any given shot duringmas7, 3743(2000].

1.5 §

1.5 3

t(ns)

0.5

Wavelength {(nm) An (A)
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Reflectivity from Toroidal gas-filled hohlraums

(a) Scattering during time interval (b) Time average of scattering
t=0.6-0.75ns over interaction pulse
%
— 4}— 1 $§ ﬁ* FIG. 3-34. (8 InstantaneousRgrs at time=0.675
10— +0.075 ns based on the measured light leaving the
a3 SRS: hohlraum are plotted vs initiai. /n. of the gas fill. A
&; 10— - _JdT o ] OC,H; | range equal to one standard deviation above and below
2 - ‘25:12 the average reflectivity for each density is indicaté.
g _ B WCH1 Similar plot of the time-averageRgrs and Rggs. For
2 all these shots, the laser intensity at the hohlraum laser
& SBS: entrance hole is 2 t0810" W/cn? [J. C. Fernandez
1= OCgH, et al, Phys Plasmag, 3743(2000)].
14.3 AC:H,,
rpp OCH,,
1 l l l | | |
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the period 0.6 to 0.75 ns. This is a period during the interacf/4.3 interaction beam, both with 2.4 ns shaped pulses. Five
tion pulse just before the disruption in the spectrum. Only thdaser beams enter from each side, overlap in the LEH, and
fraction of the SRS backscatter near the wavelength of there distributed on the hohlraum wall uniformly over the azi-
gas fill is included in order to exclude any SRS associatednuth but covering only about half the circumference. In the
with plasma outside of the density plateau region. axial view in Fig. 3-35, the footprints of the individual laser
The time-integrated SRS reflectivity shown in Fig. beams are seen in the x-ray emission from the heated gold.
3-34(b) was saturated at 15-20% for laser intensity aboverhe interface between the gold blowoff and I@wgas fill,
10" W/en?* and weakly dependent on electron density. Thegiso visible in the x-ray emission, is similar to the LASNEX
density was varied systematically in order to vary the lineaineout in Fig. 3-10. In the first set of experiments, the heater
damping rate of plasma waves. The SRS reflectivity from thgyeams were unsmoothed. After control of laser beam deflec-
toroidal hohlraums is sizable even for the low-density gasjgn by beam smoothing was demonstrated, phase plates
fill. From the SRS spectrum in the propane fills, the matchyyere used on all beams for hohlraum experiments. The
ing electron density ig.=0.053 for the measured electron ominal intensity of the unsmoothéd4 heater beams on the
temperature of 2.5 keV whereas the matching temperature j$ohiraum wall is 5< 10 W/er?. The f/8 RPP-smoothed
1.65 keV forn.=0.06%1, the electron density correspond- poams have an intensity of abouk20' W/cr? and have
ing to the |n|F|aI fill. The La”gm“" wave-wave numbég roughly the same intensity in the LEH and at the wall with-
- k.°+kSRS’ is also determined from the SRS spectrum, , accounting for inverse bremsstrahlung absorption.
which haske~0.35 for the lower temperature blithp LPI experiments in scale-1 gas-filled Nova hohlraums

~0.5 for the higher temperature. The measured SRS Onsﬁtsed a shaped drive pulse that has a rapid rise to a “foot”

intensity and the spatial gains needed to explain the high
reflectivities observed for the larde\p~0.5 imply much power of about 1 TW/beam, followed by a gradual ramp up

. ; &o a peak of about 2 TW/beam at about 1.6 ns. This is the
lower values of Langmuir wave damping rates than eXpeCtestandard Ulse-shape 22 pulse used in the symmetry experi-
from the LASNEX-calculated plasma temperatutassum- P P P y Y exp

ing Maxwellian electron distributionsTrapping of electrons gwints _dlsgu_sgt_ed” mbSec. Vt The e_Iectr(?[r;] tempkere:tulre was
in the driven Langmuir waves has the required effect of low- etermined initially by spectroscopic metho(Back et al,

ering the damping raté/u et al, 2001). The measured SRS 1996 anpl later by Thomson scatterin(Glenzer et al, .
tends to increase in time, a trend that correlates with théggga' Figure 3-35 shows the plasma volume probed with

increase of the ion temperature over time as the ions arg? (261 nm Thomson scattering and the measured electron
heated by the electrons. Higher ion temperature should inlemperature and axial flow velocity alqng th.e hohlraum axis.
crease the damping rate of ion—acoustic waves. ThereforkNe measurement shows larger gradients in the temperature

these observations are consistent with previous observatiodd the flow velocity than is consistent with LASNEX simu-
that the Raman reflectivity in these plasmas depends on tHations unless heat flux inhibition by self-generated magnetic

damping rate of ion—acoustic waves as discussed above f§f!dS is included in the simulatiori&lenzeret al, 1999h.
gasbag plasmas. Measurement of the backscattering from such hohlraums

showed that energy loss due to reflection by SBS and SRS
played a significant role in determining the hohlraum ener-
5. Scale-1 Nova hohlraums getics(Glenzeret al, 1998a. For the scale-1 gas-filled hohl-

As shown in Fig. 3-35, scale-1 gas-filled hohlraums areraums, the near-backscatter imager detects a large fraction of
also heated with nindé/4 beams and one smoothéB or  the SBS, which appears in a localized spatial region. This
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Eﬂ;:wﬁh?gﬁpﬁ“y3:]'93'9r the Au part of the plasma. Those calculations used the

' ' plasma conditions determined from LASNEX simulations

e, YR -~ > without magnetic field reduction of the heat flux out of the
A S directly heated plasma. The time variation of the gain expo-
nents and spectral shifts for SRS and SBS disagreed with the
observed shifts and time dependence. New LIP calculations

# axial view

(a) used the plasma conditions from the LASNEX simulations
_ : i with magnetic fields that agreed with the measured electron

Su hester hoare (10KPPs, o . y Volume temperature(Glenzer et al, 1998a; Glenzert al, 2001).
i besssonsnio s LSl These LIP calculations of the SBS gain exponent for meth-

ane filled hohlraums show a peak gain late in time that is
redshifted by 2@ 3 A from 351 nm and corresponds to SBS
4 occurring in the Au shelf that has been ablated from the Au
LASNEX with wall by radiative and laser ablation. A time-resolved SBS
B-fields - spectrum and the time-dependent gain exponent from LIP is
no B-fields shown in Fig. 3-36. The SRS gain exponent without mag-
netic fields peaked after the peak of the incident laser power,
- . ~1.5 ns, whereas the data showed a peak SRS reflectivity at
1 ns. The new calculations of the SRS gain exponent repro-
duce that peak at 1 ns because the electron temperature in the
low-density gas within the laser beam is much higher with
. . . . magnetic fields. Without beam smoothing, the observed SRS
2 X(mm‘:la ot spectral width at 1 ns is much broader than the calculated
(d) . . v linear gain exponent width. This broad spectrum, thought to
J be a consequence of self-focusing, is strongly narrowed
: when SSD is applied as shown in Fig. 3-37.
Eﬁ%’?‘fﬁx with 7 Another important consequence of the improved LAS-
NEX modeling is the reduction of the calculated gain expo-
no B-fields nent in scale-1 hohlraums. It is not certain that similar reduc-
tions will occur in NIF hohlraums. The similarities in the
spectral shifts and reflectivity history indicate that LASNEX
is correctly calculating the hohlraum plasma conditions: the
electron densityn,, the electron temperaturé,, and the
) X ) ) flow V along the laser beam path. The LIP calculations as-
1.2 0.8 0.4 sume a beam intensity spatially averaged in the transverse
X (mm) direction, while the experiments have short-wavelength
FIG. 3-35. (Colon (a) The 2.4 nsf/4 351 nm laser b d to heat th speckle structure.
scale-1 Névaog(;rs-filled ﬁoh-lra:m and thgr?hisrﬁgone 22:{;3% c%nﬁgaurat‘ieon The SBS and SRS reflectivity f_rom the Scal,e_l hth-
are shown schematically. The interaction beam had the same pulse sha@UMS dropped when beam smoothing was applied. Figure
and duration as the heater bearti®.An axial view in x-ray emission. The ~ 3-38 shows peak SBS and SRS reflectivity as a function of
electron temperaturéc) and the flow velocity component along the hohl- gD pandwidth for the scale-1 methane-filled hohlraums.
St messure it e Scale, e shown 1 e bt ot SBS and SRS are the peak values observed during the
lated correctly{S. H. Glenzert al, Phys. Plasmas, 2117(1999]. shaped pulse experiment, during the peak of the incident
pulse. The quoted reflectivities include all backscatter from
0° out to 20° from the center of the beam. The SBS back-
shift from the location of the incident beam is a consequencscatter with no bandwidth is quite high5% to 20%, while
of beam deflection. In a gasbag hohlraum with a diametethe addition of 0.5 A bandwidth reduces the SBS to about
twice as large as the scale-1, reflected SBS light was d&2%. Two experiments were done at each bandwidth condi-
flected as much as 10 degré®dacGowanet al, 1996. The  tion and the data are reproducible. The experimental uncer-
total backscattering losses for gas-filled hohlraums with untainty is +=25% of the quoted value of reflectivity.
smoothed heater beams often exceed 15%. Time-resolved Figure 3-39 shows measured time integrated SBS and
measurements show that the combined peak loss to SBS afiRS reflectivity as a function of SSD bandwidth for the
SRS, with unsmoothed heater beams, can be as high as 408¢ale-1 methane-filled hohlraurfGlenzeret al,, 2001). The
at some times in the pulse in some targets. Sidescatter fareak SBS reflectivity is twice the time-integrated values. The
SRS(1.9% and SBS(1.7% without smoothing was reduced interaction beam peak intensity is<2.0*> W/cn?. The ex-
to negligible amounts with beam smoothing. perimental uncertainty ist25% in the reflectivity. Data
As indicated in Fig. 3-10, the SBS gain exponents caltaken with the earlier RPE® GHz SSD combination are
culated for the scale-1 gas-filled hohlraums are similar to oshown(Moody et al,, 2001 as open circles. The newer data
higher than that calculated for the NIF outer beams withinwith the KPP and the 17 GHz modulattsolid circles are

()

Electron temperature (keV)
Ml
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I
]
|
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FIG. 3-36.(Color) The SBS and SRS spectrum vs time from a scale-1 Nova hohlraum withouteg88d(d), with SSD(b) and(e), and the calculated SBS

(c) and SRSf) gain. The SBS signal with SSD is difficult to discern but peaks at 1.5 ns and is narrower than without SSD. The spectral shift and time history
agree with the SBS linear gain calculated with LIP using the mean laser intensity and LASNEX-calculated plasma parameters. The SRS spectrum is much
narrower and reduced with SSD than without. It peaks at 1 ns when the calculated gain peaks. However, the SRS peaks at a shorter wavelength than the
calculated gain. The late-time SRS gain arises from high-density plasma where it might be reabsorbed or inhibited by SBS cé&éti®enzeet al,

Phys. Plasma8, 1692(2001)].

consistent. As predicted by calculations, these data indicate

no significant difference between the NIF implementation of 3 K'PP | ' D' ' '
beam smoothing with KPP and 17 GHz SSD and that with plus 52 A

RPP and 3 GHz SSD. The SRS and SBS reflectivity from No KPP

scale-1 hohlraums with SSD were measured to be the same 5 .

for one- or two-color cycles in agreement with the theoretical
calculations discussed in Sec Il B. However, the radiation
temperature was 5 eV higher with two-color cycles than with
one-color cycles(Kirkwood et al, 1997a; Glenzeret al,
2000.

Figure 3-39 also shows two data points taken with the
addition of polarization smoothin@riangles that lie among
the other data, implying that, at least in this experiment, there
was little benefit to polarization smoothing for the laser and 0 400 500 600
plasma conditions relevant to the NIF outer beams.

Figure 3-40 shows the results of tests of beam smoothing
at the higher irradiance expected in 350 eV hohlraums. ThEIG. 3-37. SRS spectra from gas-filled hohlraums at 18tss2 ns for

targets were scale-1 ga_s-filled hohlraums and_ the interf’iCtio\nalrious smoothing conditions. With improved smoothing the spectra narrow
beam was smoothed with a RPP and SSD, with and withoutom 180 nm to 30 nm.

Intensity (arb. units)

Wavelength (nm)
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FIG. 3-38. (Color Nova scale-1 hohlraums simulating the NIF outer beam
plasma, SSD beam smoothing reduces backscatter significantly. SBS and 2
SRS backscatter data from scale-1, methane-filled hohlraums with a Au-
shelf plasma are similar to those encountered by the NIF outer beams. The ~— ) ) BPP onl
reflectivity shown is the peak in tim@averaged over the 50 ps diagnostic ﬁ ® y
resolution corresponding to the time of peak incident intensity (2.5 = KPP only
X 10" W/cn?). In these experiments, the interaction beam was smoothed s - v KPP & PS
using a 3 GHz SSD and an RRB. H. Glenzeet al, Phys. Plasmag, 1692 ] e
(2001]. 2 SRS
é 1
=
= [ 4
PS. The results show a significant benefit to using PS in E‘
higher intensity applications. These hohlraum data, plus the & =
data taken with the higher density gasbag plasitfég. f] B ® e 5
3-20), show that the sum of SBS and SRS with high laser E b k‘
intensity can be kept below 10% with the appropriate com- ¥ ®
bination of KPP, SSD, and PS. These are the plasma and 0 - L1 L
laser conditions expected in 350 eV ignition-scale hohl- 0 0.5 1 1.5
raums. Furthermore, because the SBS and SRS of high in- duw bandwidth [A]

tensity interaction beameup to 4x 10" Wlcn) are kept ~ FIG. 3-39. (Colon SBS and SRS from Nova scale-1 hohlraums with NIF-
below 10% with beam smoothing, the KPPs that determingke smoothing using 17 GHz SSD with a KPP. The reflectivities are similar
the shape the NIF focal spots can be designed with mor® those from earlier Nova scale-1 hohlraum experiments using 3 GHz SSD
latitude. That is, instead of designing for a flat intensity pro_and an RPP. Polarization sm_o_othing does not have a significant effect for
file with the lowest possible peak intensitv. one miaht aiiowthese plasma and laser conditidnS. H. Glenzeret al, Phys. Plasmas,
p p Y g 1692 (2001)].

the peak intensity to increase in order to better shape the
sides of the focal spot or to allow a smaller LEH.

The scale-1 hohlraum SBS and SRS reflectivities are
qualitatively different from the toroidal ones. Although the W/cn?. Unlike the gasbags, the heater beams do not heat
toroidal hohlraums plasmas are confined within highadi-  directly the entire plasma. Nonetheless, the LASNEX calcu-
ating walls similar to the scale-1 hohlraums, the reflectivitylations predict relatively uniform conditions inside the hohl-
behavior is more similar to high density gasbags filled withraum because rapid electron heat conduction results with use
neopentane in that the SRS always dominates the reflectivitpf Bragniskii electron transport coefficients in an unmagne-
Also, the high SRS and low SBS reflectivity is similar to thattized plasma (Braginskii, 196%. As noted previously,
measured in gasbags after the heaters are turned off. An eX¥homson scattering measurements on Nova scale-1 gas-
planation for high SRS in toroidal hohlraums might be thatfilled hohlraums show that temperatures near the laser en-
the SRS is produced in regions of plasma where the electromance holes are significantly higher and interior temperatures
temperature is lower than calculated. The SRS spectrum isiuch lower than those calculated by LASNEX without mag-
consistent either with the nominal fill density and a lowernetic fields. When self-generated magnetic fields are in-
temperature ofas suggested in the Toroidal secliavith a  cluded in the LASNEX calculations, the measured tempera-
lower density and higher temperature. The former combinatures as well as the plasma flow velocities are in agreement
tion produces much higher gain exponents for SRS than theith experiment. These differences could mean that condi-
latter, namely an SRS intensity gain exponent of 34 mm andions along the interaction beam in toroidal hohlraums differ
10 mm, respectively, for a laser intensity ofx40 significantly from the LASNEX calculations done to date
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FIG. 3-40.(Color) Scale-1 hohlraum experiments ax40'® W/cn? using 17 GHz SSD and an RPP were designed to stress LPI for the outer NIF beams. The
experiments simulate conditions for the NIF outer beams in a 350 eV hohlraum. The SBS and SRS are still low with SSD, and the addition of polarization
smoothing has a clear impa@®. H. Glenzeret al, Phys. Plasma8, 1692(2001)].

since the plasma intercepted by the interaction béaliong  hole. Analysis of the beam intersection geometry and flow
most of its propagation paths only heated by the interac- velocities in the hohlrauntKirkwood et al, 1996a shows
tion beam and the background temperature depends on cotlrat symmetry suppresses energy transfer between beams

duction from the other beams. within a single cone, and that a frequency difference between
beams in different cones can allow the ion wave resonance to
6. Crossing-beam energy transfer experiments be detuned and energy transfer between cones to be sup-

) ) ] _pressed. For these reasons, the ability to operate NIF in the
Crossing-beam experiments were carried out at Nova iRy,ao_color” mode is now being maintained as an option.

both gasbag and exploding foil plasmas.
In the experiments carried out using gasbag plasmas ) . )
(Kirkwood et al, 19964, the beams cross at a 53° angle and/- Nonlinear SBS saturation experiments
have slightly mismatched frequencies, so that the frequency In Nova experiments, ion—acoustic wave amplitudes
difference is close to the frequency of the resonant ion-were observed to be saturated for conditions similar to those
acoustic wave, and Brillouin sidescattering is seeded. Thanticipated in future ignition experimeni&Glenzer et al,
power transmitted through the plasma by the low-frequency2001a. The ion waves were measured with ultraviolet
probe beam is measured as a function of time by the TBDThomson scattering of a 263 nm probe beam in,Gilled
The amplification is determined by comparing an experimengasbag experiments with an electron temperatureT of
in which the high-frequency pump beam is present with one=3 keV. The temporally resolved Thomson scattering spec-
in which it is absent. As shown in Fig. 3-@&, the transmit- tra have shown simultaneously the scattering from thermal
ted power rises rapidly after the pump beam is turned on to alectrostatic fluctuations and ion—acoustic waves that have
value well above what is measured when the pump is offbeen excited to large amplitudes by SBS from a kilojoule
The experiments demonstrated that as much as several hunteraction beam at 351 nief. Fig. 3-42. The ion—acoustic
dred joules of energy can be transferred dyrinl nsinter-  waves saturate fdr>5x 10 W cm™2. These results of the
action time, resulting in an amplification of the probe beamlocal Thomson scattering measurements are also consistent
by a factor of as much as 2.5. Energy transfer occurs onlwith the observed SBS reflectivity that shows saturation at
when the difference in the beam frequencies is as large as thiee 30% level for these interaction beam intensities.
frequency of the resonant ion wave, corresponding\io The experiments have been compared with calculations
=0.5nm in Fig. 3-41b). using the laser—plasma interaction code pF3D. By simulating
Experiments in exploding foil plasmas have shown thathe propagation and SBS scattering of the Biteraction
energy can be transferred between identical beats ( beam through the whole length of the gasbag plasma one
=0) provided there is a Mach-1 flow present to shift thefinds that 30% SBS corresponds to an ion—wave amplitude
frequency of the ion—acoustic wave to z€kWhartonet al, of én/ne=2x10"3. Without nonlinear damping, the simu-
1998; Whartonet al., 1999. Simulations of the NIF hohl- lations show 100% reflectivity and ion—acoustic fluctuations
raum show Mach-1 flow in the vicinity of the laser entrancein the Thomson scattering volume that return to the thermal
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0
-0.1 0.0 0.1 02 03 04 05 06 07 0.8 normalized to the intensity of the redshifted thermal peak for various inter-
Al (nm) action beam intensities. Amplitudes are fer0.8 ns. (b) SBS reflectivity

for no RPP data is observed to saturate at the 30% level. In(apénd(b),
FIG. 3-41. (a) Measurement of the probe-beam power transmitted throughthe pF3D curves represent modeling.

the plasma for the cask\ =0.45 nm and yope/ | pump=0.06. In the “pump

on” case, a X 10" W/cn? pump beam intersects the probe between 0.4

and 1.4 ns, causing the probe to be amplified by a factor of 1.7 above the

“pump off” case. (b) A series of experiments measured the amplification of |evel after a short initial burst, both in contradiction with
the probe beam as a function of the wavelength separation of the two beamg, harimental data. Only by including a nonlinear damping
The amplification is greatest when the frequency separation is in the vicinity . . .
of the prediction for the unshifted ion wave resonance\=0.45 model that is based on secondary decay of the primary ion—
+0.04 nm([R. K. Kirkwood et al, Phys. Rev. Lett76, 2065(1996]. acoustic wave into two ion waves can one find results that
are consistent with the experiments. Choosing a maximum
ion—wave amplitude that scales with ion—wave decay is par-
ticularly motivated by the fact that COplasmas approach
low ion—wave damping conditionimilar to highZ plas-
mas like Xe or Au for which other nonlinear effects are less
important. For example, the ion—wave fluctuation level ob-
served in these experiments is significantly smaller than the

Intes- probe
action beam

ey (b) t=0.8 ns - . . .
o ||| threshold for ion—wave breaking by trapping, i.én/ng
2 blast wave % | =02 - - -
=1 e [ Figure 3-43 shows that by using a nonlinear scaling,
E lonwave & f IIL both SBS reflectivity and Thomson scattering data can be
%‘ — ey reproduced. The remaining small discrepancies might be ex-
bniiinr g ’{ Data plamed_by uncertainties in the absol_ute measur_ed scattering
beams X100 power introduced by the Cassegrain telescéalggnment
Fit and incomplete samplingHowever, the model assumed that
4 2g2 283 264 two-ion-wave decay occurs at a threshold lower than sug-
Wavelangth (nm) Wavelength (nm)

gested by theoretical linear calculations. This indicates that

FIG. 3-42.(Color) (a) Time-resolved Thomson scattering spectrum showing €ither our theory of the two-ion-wave decay instability is

coherent scattering on ion waves driven by SBS, scattering on the blagnsufficient, or that other nonlinear mechanisms need to be
wave, and thermal incoherent scattering at late times. The time sequence Fﬁcluded.

the laser beams is indicated on the ldft) Lineouts att=0.8 ns andt - . . . .
=1.4 ns. The earlier lineout shows 2 orders of magnitude enhanced scatter- These experiments prowde the first experlmental evi

ing compared to the spectrum at later times. The latter is fit with the theodENCE thf'ﬂ the SBS instability _iS S_aturated in i_ne'_'tial confine-
retical TS form factor for a gas fill COplus 1% Ar. ment fusion plasmas. These findings further indicate that la-
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ser scattering losses in future ignition experiments on thetartup of NIF. Omega will be used for KPP optimization and
NIF might be reduced by controlling the plasma conditionsfor better understanding the scaling of SRS/SBS. The Trident
together with the nonlinear wave saturation processes. Mordaser at LANL will be used to study effects on a single
over, these Nova gasbag experiments have clearly shown tlspeckle scale in well characterized plasni&ontgomery
limits of present modeling capability. It is obvious that a et al, 1999. Continued improvements are expected in mod-
first-principal understanding of the saturation process will beeling, which will take advantage of the massively parallel
required to obtain a predictive modeling capability. We arecomputer capability being developed in the ASCI program.
planning to address the nonlinear wave physics of the higlis the first beams of NIF are activated, some of the first
temperature, low ion wave damping plasmas that primarilyexperiments will be LPI experiments on larger-scale plas-
occur in the highz wall plasma of an ignition hohlraum in  mas, which will be much closer to full NIF scale. These
the immediate future using the Thomson scattering capabilitgxperiments will be used to optimize the KPP, PS, and SSD
that we are presently implementing on the Omega Lasecombination for beam smoothing, to optimize the He/H hohl-
Facility. raum fill, and to look at nonlinear processes that affect SBS,
SRS, crossed-beam energy exchange, and beam deflection.

D. Summary of laser—plasma interactions in
NIF-scale plasmas and future work IV. HOHLRAUM DRIVE AND COUPLING EFFICIENCY

For the Nova plasmas which most closely approach NIF ~ Both the efficiency of coupling driver energy to a cap-
conditions, time-averaged absorption of about 90%, havéule and the physics of hohlraum symmetry are largely de-
been achieved. As indicated in Fig. 3-10, the Nova gasbatgrmined by the physics of x-ray production and absorption
plasmas emulate the NIF inner beams where the long pattd the hohlraum. Understanding of hohlraum drive and cou-
length in lowZ material dominates the instability gain, while Pling has been developed using a combination of theory, ex-
the Nova scale-1 gas-filled hohlraums emulate the outePe€riments at Nova and Omega, and radiation hydrodynamics
beams where the Au plasma dominate the LPI instabilitysimulations. In this section, the theory is reviewed in part A
gain. Figure 3-29 shows that the combined SBS and srgnd the experiments compared with theory and simulations
scattering is less than 10% from a HeHNe gasbag plasma8gre reviewed in part B.
which has the most NIF-like composition and normalizeda Theory
ion-wave damping. For the scale-1 hohlraums, the combined

SBS and SRS scattering shown in Fig. 3-39 is less than 5% '€ theory for hohiraum coupling assumes the laser ir-
with NIF levels of smoothing. radiates the hohlraum wall producing bright sources of x

During the last decade, the understanding of filamental@yS- These x rays heat the rest of the hzghehlraum wall.
tion effects in NIF relevant plasmas has advanced dramatin the theory below, this heating is modeled by an ablation
cally. It is now possible to calculate the impact of various€at wave, or Marshak wave. A self-similar solution to the
beam smoothing schemes on reducing filamentation and i@blation heat wave problem is derllved. This solution is then
secondary impact on SBS and SRS. Filamentation in a flowused to develop hohlraum energetics models based on energy
ing plasma, and its impact on hohlraum symmetry can b®alance models.
modeled quantitatively.

However, there is not yet a predictive capability for SBS i o
and SRS in NIF relevant plasmas. In particular, nonlinear N the following analysis(Lindl, 1998), the hohlraum
saturation mechanisms are incompletely understood. Therd@ll is approximated by a planar surface exposed to a uni-
fore, the principal research activities of the LPI theory andform temperature of x rays, and a Lagrangian coordinate
experimental program are to investigate nonlinear saturatiopyStém is used for the analysis. The two independent vari-
mechanisms for SRS and SBS, to design experiments to tedples are timet and a Lagrangian spatial coordinate
their consequences, and to measure the amplitudes of tie/ P dX, which is the mass per unit area of material between
plasma waves with space and time resolved Thomson scattdf€ fluid particle and the surface of the hohlraum wall. Con-
Understanding the frequent anticorrelation of SBS and SRSservation of mass and momentum are given by
such as that indicated in Figs. 3-20 and 3-21, is at an early sy gy
stage. Under some conditions, which are not completely un- ot am
derstood, large levels of scattering are observed. The toroidal
hohlraum data consistently show scattering levels of 15% t&nd
20%. Although scattering from the hydrocarbon fill gasbags o oP
is consistently below 10% while the heater beams are on, —=—, (4-2)
particularly with SSD beam smoothing, scattering levels can gt om
exceed 15% shortly after the heating beams are turned offvhere U(t,m)=1/p is the specific volumey (t,m) is the
Because the Nova experiments are not an exact match to Niffuid velocity in the rest frame of the hohlraum wall, and
plasmas, there is still uncertainty in the optimal choice ofP(t,m) is the pressure. Conservation of energy relates the
hohlraum design and drive conditions for NIF. The currentheatingT dS of a fluid particle(whereT is temperature and
plan is to further develop the understanding of LPI underS represents specific entrgpjo the thermal energy trans-
NIF relevant conditions in tandem with construction andported out of a fluid element by the energy fli, Since

1. Hohlraum drive theory

(4-1)
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T dS=de+ P dU, wheree(t,m) is the internal energy per solve the mass and momentum equati¢mhbis is Marshak’s

unit mass in the slab, the conservation of energy may béconstant density” solution (Marshak, 1958 which is

expressed as equivalent to the classical nonlinear heat conduction
ge _aU  oF problem] . . o
ip—=—=—__ (4-3) Rosen(Rosen, 197Pobtained an approximate similarity
at ot am solution to Eqs(4-1)—(4-4). The following analysis closely

In this analysis, it is assumed that the opacity of the matter iéollows his solution. A more general solution is discussed by
sufficiently high that, on the time scales of interest, mattetriammer and RosefHammer and Rosen, 2003

and radiation are in LTE. More specifically, the radiation  First, the energy Eq4-3) is simplified by the assump-
field is assumed to be nearly isotropic and of the same chafon that, for slow subsonic radiation fronts, the pressure is
acteristic temperature as the matter. Although the x-ray probearly constant near the heat front. Detailed numerical simu-
duction region, near the laser critical density, violates thidations are consistent with this assumption. We punside
assumption and must be calculated using non-(NETE) the time derivative and deal with the enthalpy-e+ P/p.
models, the hohlraum wall loss, which is at higher densityThe enthalpy and Rosseland mean opakityare then ap-
and lower temperature, is near LTE conditions. The domifroximated by power laws of density and temperature:

nant heat-transport mechanism is radiation transport, and the

matter is assumed to be sufficiently opaque that the diffusion h= hs< ﬁ) T (4-5)
approximation(Zeldovich and Razier, 196&an be used, Ps
4o oT and
F=— — —, (4-4) R
K
3K am K=K0R<pﬁ> T, (4-6)
S

where K is the Rosseland mean opacity awedis the
Stefan—Boltzmann constant. Dimensional analysis of EqsThe opacity and enthalpy depend primarily on temperature
(4-1) to (4-4) provides useful insight. Suppose that theput the density dependence can have important effect on ra-
source temperature, applied suddenlyan, isTs. Let ps  diation penetration. If the opacity of the heated material de-
=1/Ug be the initial density of the wall, and I®s andesbe  creases as the density drops, more of the radiation emitted by
the pressure and energy per unit volume that the materiahe source reaches the colder, deeper regions of the wall.
would have if it were heated to the full source temperatureThus, the heat front can progress somewhat more rapidly
Ts before it could expand to a higher specific volume thanthan themo: /'t diffusive behavior, since the heated material
Us. becomes less effective at insulating the underlying unheated
Initially, the diffusion process described by Ed4-3)  material. On the other hand, if the specific energy increases
and(4-4) will heat the surface of the material so rapidly that with decreasing density, the expanding material at constant

it will remain stationary in comparison to the penetrationtemperature requires an energy input. This effect counteracts
speed of the heat front. When there is no hydrodynamic mothe effect of a drop in opacity with density.

tion, these equations lead to a heat front that advances into  As an approximate solution to the dynamics in the blow-

the material according to a diffusive law of the form off region, the density is set equal to that of an isothermal
40T§/3KS expansion in the blowoff region,
(m?/ ) front™ . m
€s P= =~ (4'7)
Cdt’

The inertia of the material allows the pressife to cause

disturbances, which propagate with a sododshock speed  where the sound spedg is given by
that can be estimated from Edg-1) and (4-2),
P

—&l2
_ 12
(M/t) ront™~ VP sps. Cs= CO(E) T (4-8)
At early times, the penet_ration speed of the thermal WaVerom the definition ofm, we see that the solution to Eq.
exceeds thls hydrodynamic speed, but at later tlmes, the h)(21_7) is p=exp(—x/Cg). This simple model for the blowoff
drodynamic speed far exceeds the rate at which the he% adequate for typical hohlraums because the fraction of the

wave can penetrate the wall. The critical time sc&jéat  gnergy in the blowoff is generally small, and the density
which the hydrodynamic motion begins to affect the progressofiles seen in detailed numerical calculations are reason-

of th_e hegt f.ront is easily estimated from the previous tWOany well approximated by an isothermal blowoff near the
relationships: high density wall. With these assumptions, the energy equa-
( 40Té> 1 tion has similarity solutions of the form
tS: ) .

BKSeS m= WtQ (4'9)

Psps

The depth of the slab that has been heated at this “transitioand
time” tg is estimated byng=tg\Pgps. P

For timest<tg, it is safe to assume that=1/U(t,m) T(m,t)=To<l) f(W), (4-10
=pg everywhere in the slab, which eliminates the need to t
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with f(W=0)=1 andf(W=front)=0 as boundary condi- 4o 1 4 Tg
tions. T, is the temperature at the heated surface when W‘Z)+r:3_Koh_0Q_BaCE’prtTp’ (4-17)
0

=t,. The parameteW provides a new coordinate system in
which the temperature profile is time invariant. By a suitablegnd the mass penetrated by the radiation wave is thgn
choice ofQ, this enables us to reduce the nonlinear differ—:WOtQ,

ential diffusion equation for heat transport to a linear differ-

i i ituti Loss E m
ential equation. By substitution, _ _Wa:f O(h)dm
P Area A, 0
lz__ _ flz
(IPZ+ze)f QWan m (p| Tt Pl |
= hol—| Tol—| f'(w)dm
9 D P 0 Po to
:WszmW_th[Pﬂ+r+1*Q(2+r)]me+|Z1 (4_11) . o1z B
— eZieZ 1-eZ| eZTlZ _
where MoCo™t™(Mo) (to) Po To B+IZ° (4-18
165C} p(’)Tg In carrying out the integral, we substituted fofp, from Eq.

D= = , (4-7) and setm=my, in the resulting termkE,,, is the energy
3Kohoto”(B+12) into the hohlraum wall, and,, is the hohlraum wall area. If
rl we do not seim=m,, the right-hand side of Eq4-18) is
> multiplied by (1k)B[1—ze!/a,(1+12)/8], where B(X,y)
=I'(xX)I'(y)/T'(x+y). Similar analytic solutions have been
g\ 71 obtained by(Kaiser et al, 1989 and by numerically inte-
ZE( 1- 5) : (4-12  grating the equatiofPakula and Sigel, 1985or W.
To obtain specific results for Au, we use

B=n+4—1+

and
Kr=6X10%K qp%3T, o> cm/g,
r=Z(R—¢). R 0P " lhev g
— 16 -0.14
The time dependence is eliminated by choosing h=4.2x10Tjzp Jg,
_ BP+1+4Z(R—e) BP+1+r 13 and
2+Z(R—¢) 2+r C=3.0x10°T28 007 (4-19
With this choice ofQ, Eq. (4-11) becomes These results are a fit, in the temperature range of interest for
D ZRD laboratory ignition hohlraums, to more detailed equations of
W(fﬂ+'2)"— W(fﬁ“z)’JrQW(f'z)’ state. The Rosseland mean opacity is obtained from the STA
model (Bar Shalomet al, 1989 andK, is an overall multi-
—(IpZ+Ze)f'?=0. (4-14)  plier on the opacity. Thugs=0.14,R=0.3,1=1.6,n=1.5,

. . Z=1.075,r=0.172, B=4.04, and Q=0.54+1.86P. Al-
SinceW is related to the mass ablated from the surface, i{,,,qh the text in this section often refers to temperatures in

increases as we move through space toward the ablatioqy, yemperatures in the equations are in hundreds of eV
front. Near the ablation fron\V will be large,R is always (heV)

small, andZ and| are less than unity so th&f is small. We
expect the gradientf{?)’ to be large near the wavefront hoh
since the nonlinear radiation conductivity must result in a
steep-fronted wave. Hence, the second and fourth terms of E,,(MJ)=5.2x10 3K, %393.44P + 1) 039
Eqg. (4-14) are neglected. Neal/=0,

If these quantities are used, the energy absorbed by the
I[raum wall after a timer is approximated by

Wi s < T8.3TO.62+ 3.3PAW , (4_20)
f(w)=|1- W) : (4-15  whereT, is the temperature at 1 ns. For a constant hohlraum
0 temperaturel, , we have

is used as a trial solution, whese= 1+ RZ. Equation(4-14) B
becomes Ewa(MJ)=5.2x103K, *3%r33p, 7062 (4-21)

D B+IZ a [W)\o?! For a constant loss rat&)./A,=Ss, we must have
W8 W\ W, +QW t7038+3% =0 Hence,P=0.115 and

P W\ @]12/8 EY
X\ oW 1—(—) =0. (4-16 Sa)15= 75— (MI/cnP/ng) = 4.5x 1073 T3IKS*,
|{9W|: WO ( A) 15 AW ( ) 0 0

Near the front, the second term cannot be 0, because the (4-29

gradient is steep. Hence, the first term must be 0. Also, nearhere S,);5 is the absorbed flux in units of ¥ow/cn?.
the front, W~W,. Hence,W, is given by This form for the wall loss would be appropriate, for ex-
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ample, for a constant-power laser pulse with constant x-rapf constant hohlraum temperature, the ratio of the capsule
conversion efficiency if we ignore hole loss. Using  absorbed energi., to the energy delivered into the hohl-

=T, and (S,);5=0.01T*, we have raum by the driveiE ¢, is then given by(Lindl, 1998)
3.3_ 733 0 38_ 0. 825

T=To 4485015 Eca _ Nce _ Nce
whereS, is the flux incident onto the hohlraum wall at time Elaser A, A, 052 1+a,+1.62%,/N,
7. Hence, Eq(4-22) can be written 1+ A—+ A 707038

c c 1T

(S)15=7-0Kg (S 15 7(ng °4 (4-23
From Eq.(4-23) it is apparent that for times on the order of = # (4-29
1 ns and fluxes of 1d to 10"°W/cn?, typical of ICF hohl- 1+a,+a,/N,

raums, the incident flux onto a hohlraum wall is large com-
pared to the absorbed flux.
The mass ablated from a hohlraum wall is approximate

by

wherea,, anday, are the ratios of the wall or entrance hole
frea to the capsule ardd,, is the ratio of the wall incident
flux to the absorbed flux given by E(-23), andN is the
ratio of the energy incident on the wall during the pulse to
mo(g/en?) =1.20x 1073 T8 ; 493.44p + 1)~ 046 the absorbed energy. Equatief29 also can be written in

5 7(0.54+1.86P) (4-24) terms of the albedo, which is defined here as the ratio of the

wall re-emission to the incident flux and is closely related to
If we takeP=0.115, as required for a constant loss rate, them,, ,

the depth penetrated in micrometers, for Au, is given by
x(um)=10* m(glen?)/p=0.5375%07® (4-25)

ca _ Nce . Mce
Easer 1+an+1.62%m,(1—a) 1+a,+a,(l—-a)’
Thus, for times and temperatures of interest to ICF, a few (4-30
microns of wall material are heated. From Eg-19), the
x-ray mean free path in Au is given by

where« is the albedo, given by

1 S-S, 10 2T*—Ey, 0.32 1
A(um) = KR—3 55X 1072T%>. (4-26) e TRAR =1- =57 om=1"
(4-31
For temperatures of 200 to 300 eV typical of ICF experi- _ _ _
ments, the x-ray mean free path varies from 0.1 to 2, and « is the average albedo over timegiven by
so the diffusive approximation used in deriving the energy 10 2T7—E,, 052

loss, Eq.(4-24), is valid for times greater than about 100 ps. a=

10T, 1- 07,038 (4-32

2. Hohlraum coupling efficiency theory Because the wall albedo is near unity for ICF conditions, or
because the ratio of the incident flux to absorbed flux is
The approximate hohlraum coupling efficiency is 0b-|5rge  the hohlraum wall area can be much greater than the
tained from capsule and still maintain reasonable coupling efficiency.
NeeElase= Ewat Ecat En, (4-27) In the more general case with finite capsule re-emission

. . - E.r, we can write(Murakami and Meyer-ter-Vehn, 1991
where 7. is the laser-to-x-ray conversion efficiency. The ' ( y P

LEH lossesE;, and capsule absorbed enerBy, are esti- A N,,
mated by Eci=Ecat Eer=NcEca= 7~ Ewi=7—Euwa;
W W
En=10 2T/An7, o
Eca=10 2T?A 7. (4-28 " y
The assumption made here is that the capsule absorbs the EW"":<N_W awEca= 1 Eca: (4-33

entire flux incident on it. This assumption is approximately

valid for times of interest to ICF capsules for suitably choser"

low-Z ablators in spherical geometry. The more general case, A

for which the capsule re-emits a fraction of the incident x-ray  En=7"Euw=NcanEca,

energy, is discussed below. The hohlraum wg|(cn?) and W

entrance holé\,(cn?) areas used are the initial values. Thewhere N, is the ratio of incident capsule flux to capsule
capsule ared(cn?) used is the initial area of the inside of absorption anch=N,,/N, is the effective ratio of incident
the fuel layer(or the inside of the ablator if there is no fuel wall flux to absorption.

layen. This area is representative of the effective area during  From Eqgs.(4-27) and (4-33), we obtain

the bulk of the energy absorption. TemperattiyéheV) is

peak incident temperature, and the tirm@s) used is typi- Eca — "ce (4-34)
cally the total energy divided by the peak power. For the case  Epaser 1+ (aw/n)+Ncay
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NIF ignition hohlraum

Scale 1.0
Au filled with
1 atm CH.

Nova

3.45x scale of Nova
Scale 1.0
Au vacuum

Nova and
Omega

Reduced scale
Au vacuum and FIG. 4-1. Hohlraum x-ray drive has been studied in a
gas filled wide range of hohlraums on the Nova and Omega laser.

Au filled with He-H gas (ng~3 x 10%°) Nevi

| |

Nova and Scale 3.0
Nova scale 1.0: Omega Au vacuum
1.6 mm diameter
x ~2.7 mm long

When the capsule re-emits some fraction of the incident enhohlraum wall area to capsule area is dictated primarily by
ergy, it takes longer to absorb a given amount of absorbedapsule symmetry requirements, as discussed in Sec. V. For
energy. Hence, there is more time, essentially by the ratiggnition hohlraums, the ratio of case area to capsule area
N., for energy to be absorbed into the wall and to leak outvaries from about 15 to 30. For this range of sizes for the
the LEHSs. case and the entrance holes, the coupling efficiency varies
The albedos used in Eq&-30—(4-34) are slightly dif-  from about 10% to 20% if the x-ray conversion efficiency is
ferent than those given ifLindl, 1998), in which albedo about 70% to 80%. Typical Nova hohlraums, which have
was defined as the ratio of the flux emitted by the hohlraumower temperatures, shorter pulses and relatively larger
wall to the sum of the re-emitted and absorbed flux. TheLEHSs, have a coupling efficiency of about 5%.
temperature used in this definition was that defined by the
re-emitted flux. The re-emitted flux is measured experimen- . .
. . - B. Hohlraum drive experiments
tally with an x-ray spectrometer looking at a region of the
wall that does not include laser hot spots. In Egs30 - In the initial ignition hohlraum designs, the lo#-un-
(4-34), the incident flux temperature is used. The flux inci- derdense plasma was produced by coating the Bigtall
dent on the wall includes the reemission from the wall re-with low-Z material. The laser and radiation ablate the thin
gions, which are not heated by laser spots, and an averadmw-Z coating from the wall, filling the hohlraum with low-
contribution from the laser hot-spot sources. This temperaZ plasma. More recent designs use hohlraums initially filled
ture can be obtained experimentally by looking through thewith low-Z gas, which, when ionized, produces the under-
LEH at an appropriate angle as discussed below. These twdense lowZ plasma. Gas-filled hohlraums avoid problems
definitions of albedo give very similar results for times with plasma stagnation and jetting, which computationally
greater than a few hundred picoseconds, for typical ICF temeegrade capsule symmetry in the lined-hohlraum designs.
peratures of 200—300 eV, after which time the two tempera- The drive experiments on Nova used a wide variety of
tures differ by about 10 eV. For shorter times, the two defi-hohlraums(Kauffman et al,, 1994; Suteret al, 1996; Dat-
nitions of albedo can differ significantly because thetolo et al, 2001; NTIS Document, 1998aas shown sche-
diffusion approximation breaks down at short times. matically in Fig. 4-1. Nova scale-1 hohlraums are 1.6 mm
The coupling efficiency depends primarily on x-ray con- diameteik 2.55—-2.75 mm long. Typically, the hohlraum is
version efficiency, and the ratio of LEH and hohlraum wall made of Au with a wall thickness of 2bm. In some experi-
area to capsule area. For ignition and high-yield hohlraumanents, the wall is thinned to aboufu2n to image keV x rays
the coupling efficiency depends only weakly on capsule enthrough the wall. The hohlraum length is sometimes varied
ergy for capsules designed to maintain an equivalent sensier symmetry or for satisfying other experimental con-
tivity to RT instability. As capsule size increases, the radia-straints. Different hohlraum sizes are scaled from the scale-1
tion temperature required for ignition decreases and the pulssze by the ratio of their diameters to those of a scale-1 size.
length increases in such a way as to almost cancel the d®&ther dimensions sometimes vary from an exact scale. For
pendence of coupling efficiency on temperature and pulsexample, a 0.75-scale hohlraum is typically 1.2 mm
length (Lindl, 1998K. diameteik 2 mm long. The LEH is varied, depending on the
The LEHs must be made large enough to avoid signifi-experiment, from 50% to 100% of the hohlraum diameter.
cant absorption and refraction of the laser energy as it entefBhe 1 ns square pulse experiments typically used a 50%
the hohlraum. The required size scales with the capsule sizeEH, while shaped-pulse experiments had a 75% LEH. For
because the capsule size determines the pulse length. Fali of the energetics studies, the hohlraums do not contain a
hohlraums being investigated for ignition, the ratio of holefuel capsule.
area to capsule area varies from about 1 to 2. The ratio of Experiments have been done using lined, gas-filled, or
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vacuum hohlraums. Lined hohlraums are coated with eithea 2.2 ns long pulse with a 3:1 contrast between the peak
Ni or CH in the form of parylene. Gas-filled hohlraums for intensity and the foot intensity. Experiments in gas-filled
the drive experiments typically were filled with about 1 atm hohlraums have also been performed with a 31 kJ pulse hav-
of methane (CH) but some experiments used a neopentanéng a 5:1 contrast, designated PS26. Experiments on Omega
(CsHqy) fill. Windows of 0.35 um polyimide covered the used similar pulse shapes, as shown in Fig. 4-2, although
LEHs to contain the gas. In the ensuing discussions, vacuuttey differed in detail. Experiments on both lined and un-
hohlraums refer to hohlraums without Iaviners or gas lined hohlraums have also been done using 1 ns long ap-
fills. The thickness of the liners or the gas fill density is proximately square pulses with total powers up to 30 TW
chosen so that the underdense, [Bystasma density is about (maximum power available on Noxalrhe beams are pointed
10?! electrons/cri when ionized and filling the hohlraum through the center of the LEH and defocused to reduce the
volume. The gas-filled hohlraum experiments are most diintensity of the laser on the wall. For a scale-1 target, beam
rectly relevant to the current NIF ignition hohlraum designsfocus is about 1 mm outside the LEH, so the beam is ex-
described in Sec. Il. panding as it passes into the hohlraum. This allows about

Hohlraums are irradiated using the 10 Nova laser beamd,00 um clearance of the beam for a 50% LEH, assuming
five per side. Figure 4-2 shows the laser pulse shapes used grometrical optics for af/4 beam. The beam irradiates the
both Nova and the Omega las@uteret al,, 1996; Dattolo  wall of the hohlraum at an angle of 40° with respect to the
et al, 200). Experiments have been done using a shapedormal of the wall and has a first bounce intensity of about
pulse having 29 kJ of laser energy, designated PS22, which is

250
Scaling of 1~ns hohlraums
300 T I
280 — = Data —
=70%
¢ n=70% 200 |- =
| ©=2D -
260 LASNEX %‘
3 =
© 240 |— _ i
=
n=60% 150 — —
220 — —
200 — |-§-| § Laser pulses —
were ~1 ns long
180 | | | 100 | J |
0 10 20 30 40 0 0.5 1.0 1.5 2.0 25
P (TW) Time (ns)

FIG. 4-3. Peak drive temperatures from Au hohlraums are in accord with 20FIG. 4-4. (Color) Radiation-temperature profile obtained from soft x-ray
LASNEX simulations. The conversion efficiency inferred from hohlraum diode measurements for a Au hohlraum drivgna1 ns, constant-power
simulations for 1 ns pulses is consistent wijh,~70% from the measured laser pulse. The theoretical curve in red witk T, ,4%*° requires a conver-
TR and wall-loss measurements. sion efficiencyn=0.7%12
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FIG. 4-7. (Colorn Mixing Gd with Au results in a materiglcocktai) with a
higher mean opacity than pure Au. Peaks in the Gd opacity complement the
| | | | windows in the Au opacity.
0
0 0.2 0.4 0.6 0.8 1.0

Time (ns) streak camera. X-ray drive is determined by comparing the
FIG. 4-5. Detailed numerical calculations of hohlraumshwat 1 nspulse measur?d shock velocity with hydmd_ynamlc Calcu'?uons'
predict an x-ray conversion efficiency that increases with time. A conversionl he estimated error for measuring drive is5 eV, which
efficiency given byn=0.7%%2is shown for comparison. includes the accuracy of the measurement and the uncer-
tainty in the comparison with the calculations. The measure-
ment is usually made in the midplane of the hohlraum be-
8x 10 W/cn? for 2 TW of laser powelP, per beam. Gas- tween the two sets of beam cones where the witness plate is
filled hohlraum experiments have also been performed usingot directly irradiated by the laser.
10 KPPs with and without smoothing by S$Blenzeret al,, The other technique measures the x-ray flux emitted
1998a; Kauffmaret al, 1998. from a hole in the hohlraum wall, using DANTE, an array of
X-ray drive is measured using two complementary techx-ray diodes(XRDs) (Kornblum et al, 1986. In the XRD
niques(Kauffmanet al, 1995. One technique measures the technique, a number of broadband channels are defined in
shock wave generated by the absorbed x-ray flux in an Athe range from 0.1 to 1.8 keV using thin absorption filters
witness plate placed over a hole in the hohlraum wall. Theand, for some channels, grazing incidence x-ray mirrors.
shock front is measured by observing optical emission proTime-resolved spectra with resolution on the order of 150 ps
duced by the emerging shock at the rear of the Al plate usingre unfolded from the signals using calibrated channel re-
an ultraviolet Cassegrain telescope coupled to an opticaponse. The spectrally integrated flux is measured to an ac-

Streaked XUV imager data at hv = 550 eV

Au patches

3 2 pym ;1 uym
Open slot ”"\ “l / a
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20 - - | | : - FIG. 4-6. The radiation-wave burnthrough measure-
© hv = 550 eV ments in thin Au foils agree well with numerical simu-
16l ohv=225ev lations and analytical models.
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FIG. 4-9. Conversion efficiency of laser light into x rays for disks and
hohlraums. Experimental number for hohlraums are inferred from wall loss
data and measured temperatures.

center. The proper angle is determined from radiation hydro-
dynamics calculations but the calculated sensitivity is small
over a range of several degrees.

Laser absorption is determined by measuring the scat-
tered light. Light from SBS and SRS is measured through the
lens using FABS. Light scattered outside of the lens is mea-
sured by the near backscatter imaging diagnostic. Both diag-
nostics measure scattered light from only one beam, beam
line 7, which is assumed to be representative of all of the
beams. These diagnostics were described in Sec. Ill.

FIG. 4-8. (Color Burnthrough measurements have shown that cocktails Figure 4-3 shows the measured and C§ICU|atEd peak Au
decrease wall losses and have a Rosseland mean opacity that dependsvo%cuum _hOhlraum te:‘mperatures as a function of laser power
composition as predicted by STA models. for a series of experiments on NoWauffmanet al,, 1994.

These experiments used a hohlraum that was 16®0di-

ameter and 255@um long with a 50% LEH. The data are
curacy of about 20%, including calibration and unfolding from experiments conducted over several years and are for
uncertainties resulting in 2 5% uncertainty when converted constant-power 1 ns pulses. The temperatures plotted were
to an equivalent radiation drive temperature. In some of th@btained from Al witness-plate measurements, as described
measurements of the x-ray flux emission from the hohlraumabove. These are incident flux temperatures that are higher
photoconductive detectof&aniaet al, 1990; Turneret al,  than temperatures inferred from looking at wall re-emission
1999 are used. These detectors integrate over the total speaway from the laser spots. The witness plate looks at both the
tral region. hot laser source regions and the cooler re-emitting wall. The

When the diagnostic hole for the XRD measurement igncident flux temperaturel;,. can be related to the re-

placed at the midplane of the hohlraum, the two measureemission flux temperatur,, from the definition of the al-
ment techniques are complementary since the shock velocityedo in Eq.(4-31):

measures the flux incident on the wall, while the XRD array 0.32 703
measures the reradiated flux. The two measurements are re- T = a1/4-rinc: Tinc( 1— m) Tine—O. ogicg
lated by the wall albedo, as described above. Tine?

When the XRD array or photoconductive detectors are (4-39
used to measure emission from the LEH, the detectors viewhis correction is a weak function of the source temperature.
emission from the laser spots as well as the hohlraum walFor 1 ns pulses, the source temperature is about 10 eV higher
(Deckeret al, 1997. If the line of sight through the LEH is than the re-emission temperature for most cases of interest.
chosen properly, about 30° from the hohlraum axis, the rela- Equations(4-20), (4-27), and(4-28 can be used to cal-
tive contributions of flux from the laser spots and the wallculate the expected hohlraum temperatures for the Nova ex-
are comparable to that seen by a capsule at the hohlrauperiments. The solid lines in Fig. 4-3 are for constant x-ray
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FIG. 4-10. Data and postprocessed calculati(giscled L) indicate that
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are the results of detailed numerical calculations.
The experimentally measured hohlraum temperaturt

time history—shown in Fig. 4-4 for a typical 1 ns, constant-
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FIG. 4-11. Experiments at Garching with low energy and short pulses do not
see significant enhancement of x-ray production in hohlraums compared to
open-geometry measurements.

P, (TW)

power pulse in a Au hohlraum—implies an x-ray conversion

efficiency that increases with time during the pulse. If we

assume that

7ce=0.70r(ng) %12

and use this in Eqg.(4-20), we obtain P=0.15 or T
=T,t%%5 whereT, is the temperature at 1 ns. As shown in

(4-36)

P, (TW)

Fig. 4-4, this gives a good fit to the measured hohlraurr

temperature-vs-time profile. The temperature history in Fig

4-4 is a wall re-emission temperature obtained by using thi
Dante x-ray diode array to measure x-rays emitted from ¢
diagnostic hole. As shown in Fig. 4-5, detailed numerical
calculations also predict an x-ray conversion efficiency tha-

increases with time. Equatiof¥-36), which is consistent
with the numerical model results fa 1 nspulse, is also

plotted in Fig. 4-5.
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FIQ. 4-13. (Color) Ten smoothed beams reduced backscatter losses an;d\u patch that has 1, 2, and;ﬁn thick sections and an open
raised hohlraum temperature. _—

hole. Emission through the open hole tracks the laser pulse,

while emission from the Au patch is delayed. The analytical

results plotted in Fig. 4-6 usB=0.15, as discussed previ-

Since the hohlraum temperature depends on both theusly, in Eq. (4-24). The predicted burnthrough rate is
x-ray conversion efficiency and the hohlraum wall loss, arslightly greater than observed, corresponding to about a 10
independent measurement of the wall loss is needed in ordelV temperature difference. Also shown are the results of de-
to be confident of both elements of the hohlraum energetickiled numerical simulations, which accurately match the ob-
model. Two independent tests of the hohlraum wall loss haveerved burnthrough rate. Both the analytical and numerical
been obtained in Nova experiments. In one techni@igel calculations of the burnthrough foils use the measured radia-
et al, 1990, a thin patch of Au is placed on the wall of the tion temperature history. The agreement between the calcu-
hohlraum. The burnthrough time of soft x-rays is a measurdated and observed burnthrough times indicates that the wall-
of the wall loss, which scales approximately a&,) %4’  loss models in the numerical calculations are quite accurate.
from Eq. (4-24). A second, less sensitive technique uses a  Almost all the Nova and Omega experiments have used
wedge of Au or a series of Au steps of different thicknessepure Au for the hohlraum wall. Au was chosen primarily for
placed in the wall of the hohlraum. The shock velocity gen-ease of fabrication. However, the opacity for any single ma-
erated in the Au is approximately proportional ) ~ %25 terial shows a wide variation as a function of photon energy.
Both techniques have been used on Nova. For example, the cold opacity for Au and Gd are shown in
Figure 4-6 shows the results of Nova experimeifter-  Fig. 4-7. Each of these materials has low opacity relative to

ter and Thiessen, 1992; NTIS Document, 1994sing a thin  the mean, just below the edges for each of the principal
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FIG. 4-15. (Color When drive is measured through the LEH, detailed, quantitative modeling spans two orders of magnitude in radiatioh flindcm
experiment is shown in black and blue. LASNEX results are in the red solid and dashed lines.

guantum shells. The loss of photons into the wall is domi-  Analysis of the hohlraum simulatiorSuteret al,, 1996
nated by loss through these low-opacity regions. By using @rovides a rather simple explanation for the increased con-
mixture of materials which have overlapping edges, it is posversion efficiency in hohlraums. Unlike a disk, where the
sible to reduce the wall losgNishimura etal, 1993; blowoff is free to expand, the blowoff energy and material in
Orzechowskiet al, 1996. Preliminary burnthrough experi- a hohlraum accumulates in the interior. In the hohlraum
ments have been carried out using a Au and Gd mixture. Bgimulations, radiation production rises relative to discs ini-
comparing the relative burnthrough times, the relative in-tially because of conversion of kinetic enerdytasseret al.,
crease in opacity can be obtained as shown in Fig. 4-8. Opt993 and later because of radiation production by the accu-
timizing the mixture of materials is an area of current re-mulated blowoff. In the simulations at late time, radiation is
search. The original NIF ignition hohlraums were designedoroduced over a substantial volume within the hohlraum.
with pure Au hohlraums in order to connect to the large  These effects show up in experiments that look at the
Nova database. However, as discussed in Sec. Il, it may b&oft x-ray emission region around a laser spot in a hohlraum.
possible to substantially increase the hohlraum coupling efThe region of this emission becomes significantly larger than
ficiency on NIF by using these material mixtures. the incident spot during the laser pulse, as shown in Fig.

The x-ray conversion efficiency inferred in hohlraums 4-10. These data are taken by cutting a slot in the hohlraum
for pulses 1 ns or longer is significantly greater, in generaland imaging the soft x-ray emission around a laser spot on
than that measured on flat highdisks in open geometry the opposite wallZe et al,, 1993 with a soft x-ray framing
(NTIS Document, 1986; Sutest al, 1996. The filled tri- cameraZeet al, 1992. This camera can take four frames in
angles of Fig. 4-9 show the x-ray conversion efficiency for aeach of three different x-ray energy channels. Figure 4-10
flat disk measured on Nova for 1 ns pulses. The solid lineshows the effective emission spot size measured at energies
shows a typical scaling for discs from LASNEX calculations, of 450 and 1200 eV. The data shown are from three shots
which predict the general trends seen in the data but predietith nominally the same conditions. A typical error bar on
less sensitivity to intensity. For intensities of a few timesthe spot-size measurements is 20% to 30%, based on uncer-
10" Wicn? to a few times 18 Wicn? (the intensities on tainty in film calibration and the flat-field response of the
the hohlraum wall for the data in Fig. 4;3he x-ray conver- instrument. As shown in Fig. 4-10, post-processed calcula-
sion on disks is clearly lower than for hohlraums and is moretions of the emission spot size in hohlraums are consistent
intensity sensitive. with the observed size increase. This increase in size is not

As discussed above, we infer conversion efficiency inseen fo a 1 nspulse in open geometry. Experimentally, the
hohlraums of about 70% for 1 ns hohlraums. For longerpen-geometry data are taken simultaneously with the hohl-
pulses, such as PS22 and PS26, hohlraums may be achievirapm data by focusing one of the laser beams on the outside
conversion efficiency as high as 85%. LASNEX calculationsof the hohlraum. The brightness of the laser spot outside the
for these different pulses, as well as the conversion efficienchiohlraum and the hohlraum laser spot are roughly equal, so
inferred from the data, are also plotted on Fig. 4-9. The inthat the increase in hohlraum x-ray conversion efficiency is
tensity indicated for these hohlraums corresponds to that afonsistent with this increase in the x-ray emission region.
the vacuum spot at the hohlraum wall. Short pulse experiments k§igel et al,, 1988 at 300 ps
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FIG. 4-16. (Color) Calculated temperature fdm) gas-filled and(b) vacuum hohlraums, as well ds) open-ended single-sided hohlraums, are in good
agreement with measurements for drive measured through the LEH.

did not show an increase in conversion efficiency relative tchohlraums. The increase in hohlraum temperature when
disk measurements. Figure 4-11 shows the re-emitted flukeam smoothing is used is consistent with the drop in scat-
from their spherical cavity experimentsbtained from x-ray tering (Glenzeret al,, 1998a; Kauffmaret al, 1998.
emission through a diagnostic hphes the source fluxbased All of the early drive measurements using XRDs on
on disk measurementsn the hohlraum. The theoretically Nova looked through a 40@m diameter Be-lined diagnostic
predicted re-emitted flux, as shown, is consistent with théhole at the hohlraum midplane. For 1 ns pulses and scale-1
disk-conversion efficiency and not with a much higher effi-hohlraums, this technique gave reasonable agreement be-
ciency. The equivalent Nova experiments at short pulse haveveen the Dante XRD measurements of peak drive and wit-
not been done. ness plate measurements, and between experiments and nu-
To obtain an accurate quantitative comparison betweemerical calculations. However, for longer shaped pulses or
the calculated and observed radiation temperature, it is imfor higher drive in smaller hohlraums, and at late times for
portant to account for stimulated scattering losses. This islmost all experiments, the XRD measurements dropped
particularly important for gas-filled hohlraums as indicatedwell below the calculations late in time, as indicated in Fig.
in Fig. 4-12. Without beam smoothing, as shown in Fig.4-14 for an experiment using PS22 in a scale 0.75 vacuum
4-12a), the power loss can be as much as 40% during sombohlraum. This effect is believed to be due to a cold plume of
times in the pulse, with time integrated losses approachingu emerging from the diagnostic ho(®attolo et al,, 2001;
20%. With beam smoothing, the losses are reduced to a feNTIS Document, 1998aHowever, since an accurate calcu-
percent, as indicated in Fig. 4{H. A summary of the scat- lation of this effect requires a 3D hohlraum code with capa-
tering losses and the resulting hohlraums temperatures Hlities that are not yet available, it is not currently possible
given in Fig. 4-13 for both empty and methane-filled scale-1to quantitatively assess this explanation.
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FIG. 4-17.(Color) Drive in a wide variety of ignition-relevant hohlraums agrees with detailed modeling for drive measured through the LEH.

Recently, drive measurement®eckeret al, 1997 on  with a half-open geometry. LASNEX calculations fé&)
both Nova and Omega have begun using flux from the LEHjas-filled hohlraums(b) vacuum hohlraums, ang) open-
instead of flux from the unirradiated wall at the midplane.ended single-sided hohlraums are also shown in Fig. 4-16
The midplane x-ray flux measurement usually measures thehowing the agreement with the results. Much of this work
wall re-emission flux and needs to be adjusted by the albedovas done in collaboration with the French CEA, and their
to infer the incident flux that would drive a capsule. The fluxcode FCI2 also agrees well with the data as indicated in Fig.
from the LEH measures flux from laser heated hot spots ag-17 for a scale 0.75 hohlraum filled with propane that
well as unirradiated walls. If the appropriate view is chosernreaches 260 eV.
to represent the weighted average of the two areas, the mea- Figure 4-17 shows a comparison of the calculated and
sured flux is a better measure of the incident flux to drive theobserved peak temperatures over a wide range of hohlraums.
capsule. This has a number of experimental and computa®ver the full database we have
tional advantages. The LEH is much larger than a diagnostic
hole at the hohlraum midplane, and therefore, is less suscep- Flux(measured thru LEH
tible to hole-closure effects. The plasma plume in the LEH is Flux(LASNEX)
heated by the laser pulse and is hotter and therefore more
optically transparent to x rays emitted from the hohlraumif we include the absolute calibration uncertainty of the
interior. The LEH measurement does not require an addibante XRD system, which is about 10% in flux, in quadra-
tional hole in the hohlraum wall and a clear line of sight atture we havgDattolo et al,, 2001; NTIS Document, 1998a
the midplane to view the opposite wall making it compatible

=1.04+0.07.

with implosion or other experimental configurations. The ge- ~ Flux(*‘True” ) 1.04-0.12
ometry is more nearly 2D and more readily calculated by  Flux(LASNEX) ~ 7
LASNEX.

A wide variety of hohlraum sizes, gas fills, and pulse This indicates that the peak flux from hohlraums can be
lengths have been accurately modeled using the LEH line afnodeled to within 12%or a radiation temperature to 3%t
sight and the measured absorbed energy. These hohlrauesist for Omega and Nova hohlraums. This data set includes
range in size from a scale 0.65 to a scale 3.0, as indicated igas-filled hohlraums as well as hohlraums expected to fill
Fig. 4-15 with pulse lengths from 1 to more than 10 ns. Thesignificantly with highZ plasma. As seen in Figs. 4-16 and
smaller scale hohlraums have significantly more plasma fill4-17, some differences in the model and experiment are ob-
ing than ignition hohlraums. Figure 4-16 shows results fromserved in the first few hundred picoseconds. The source of
a scale 0.75 vacuum hohlraum and a scale-1 methantdis difference is still being investigated, but could be related
(CHy,)-filled hohlraum. Figure 4-16 also shows a comparisonto early time x-ray production. This should not significantly
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impact understanding of NIF ignition hohlraums that use 20and pointing into the hohlraum, as well as the optimal choice
ns pulses with the initial irradiation at low temperatures.  for the ratio of hohlraum case area to capsule area are
strongly affected by the need to achieve a very high degree
C. Summary of hohlraum drive and coupling of flux uniformity on the capsule. Since hohlraum coupling
efficiency efficiency is largely determined by the size of the hohlraum

Understanding and predictive capability of hohlraum@nd the LEHs compared to the capsule size, there is a
drive is founded on a combination of experiments, analyticaffadeoff between symmetry and efficiency. Modifications to
models, and radiation hydrodynamics simulations. Most of€ internal structure of the hohlraum can also be used to
the experimental database has been developed usingm3s Moedify symmetry, but little work on this has been done for
light at Nova and Omega lasers. These short wavelength efd/F hohlraum designs. .
periments have shown that high temperature hohlraum con- Symmetry requirements are determined by the capsule
ditions can be attained while maintaining low levels of pre-convergence rati€, , defined as the ratio of the initial outer
heat from fast electrons from laser plasma instabilities. radius of the ablator to the final compressed radius of the hot

The Nova data for hohlraum drive, summarized in Fig.SPOt. Typical convergence ratios to the hot spot for an igni-
4-17 for a wide range of experiments, show that the pealiOn Or high-gain target design range from 25 to 45. If a
temperature and the time dependence of the hohlraum ten@2rget with an initial radiuR,, implosionv, and average
perature are accurately modeled by radiation hydrodynamicdCceleratiorg has a location on its surface with acceleration
codes including LASNEX and FCI2. Peak radiation flux hasPerturbationsg, then the deviation from sphericity as it im-
been predicted ta- 12% over a wide range of hohlraum Plodes is given by
conditions. A major input into this modeling is the absorption 1 59

. .. e _ 2
fraction. Losses from parametric instabilities can reduce the ~ dR= 5 dgt ZEV(Cr—l), (5-1)
drive, making understanding of LPI an important part of un-
derstanding NIF target performance as discussed in Sec. Iwherer is the compressed radius and we have substituted for

Analytical models have been developed based on radid-using equalitysgt®=R,—r. An asymmetric implosion will
tion ablation, or Marshak, wave heating of the higlwalls ~ convert less of the available kinetic energy into compression
of the hohlraum. Using the measured drive, the analyticaBnd heating of the fuel. The tolerable degree of asymmetry
models fit the hohlraum wall loss measurements, and LASdepends on the excess of available kinetic energy above the
NEX calculations. This confirms that the Marshak waveignition threshold. If we require that this deviatiafR be
heating and ionization of the highwall dominate the ener- less tharr/4, then
getics in the targets. Given this match to the wall loss data, 89 Sv 34l 1
the drive measurements imply that the effective conversion —=~-—~——<—-——,
efficiency in hohlraums for 1 ns or longer pulses in Nova v 41 4C—1)
scale hohlraums is 70% or greater. The LASNEX calculationvhere | is the intensity. The intensity dependence comes
of x-ray conversion efficiency is consistent with the mea-from the rocket equation for a radiation-driven rockandl,
sured temperature. The hohlraum temperature primarily det998d. The tolerable degree of asymmetry depends on the
pends on the wall loss and the x-ray conversion efficiencyignition margin available. For the NIF ignition capsules, we
Although the x-ray conversion efficiency is not measuredhave allowed a factor of about 1.4 in implosion energy rela-
directly, there is agreement with the calculated temperaturéve to the minimum for ignition to account for the degrada-
and wall loss, so the accuracy of the calculated x-ray convertion expected from both asymmetry and mix. For long-
sion efficiency follows. LASNEX accurately calculates the wavelength asymmetry alone, these capsules will ignite with
x-ray spot size and brightness. For a given intensity anén imploded fuel that hagR>r/2. However, in order to
pulse length, the size of the emission region in hohlraums itolerate both the effects of hydrodynamic instability and mix,
significantly larger than that from plane open-geometry tarwe specifydR<r/4.
gets.

In general_, pecaus_e of the radiation ablatior_w and becau§§ Theory of capsule radiation uniformity
both the radiation driven blowoff and the directly laser;, yoniraums
heated blowoff are confined, there is much more plasma in
the vicinity of the laser spot in a hohlraum than in an open  If the hohlraum or case radius is large compared to the
geometry. Conduction into this plasma can lead to an encapsule radius, hohlraums are effective at smoothing all but
hanced emission region. Also, the blowoff plasma can Stagthe longest-wavelength perturbations. Analytical models can
nate and reradiate. The higher x-ray conversion efficienc€ very useful in understanding the symmetry behavior of
seen in hohlraums relative to those measured from planBohlraums(Lindl, 19989. Analytical results can readily be

(5-2)

open-geometry targets is consistent with these effects. ~ Obtained for the example of a spherical capsule of raBiys
inside a spherical hohlraum of radilg,, (Haan, 1983;
V. HOHLRAUM RADIATION UNIFORMITY Caruso and Strangio, 199For a Legendre polynomial per-

turbation of ordet applied on the inside of the hohlraum, the

resultant perturbation on the capsule is as shown in Fig. 5-1
Understanding and controlling capsule implosion sym-as a function oRyni1/Rcqp. If the case radius is about three

metry is a key requirement for ICF. The laser beam geometryo four times the capsule radius, all modes but fecom-

A. Introduction to hohlraum radiation uniformity
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ponent are smoothed by about two orders of magnitudeThis imposes a power balance and pointing accuracy speci-
WhenR,1/Rca=5, P4 passes through zero. If a capsule isfication on the laser as discussed in Sec. Il for NIF targets.
chosen so that it passes through this value as it implodes, The long-wavelengtiP, component must be smoothed
very small average levels &, can be achieved. by choosing a combination of the appropriate hohlraum ge-
The reason for smoothing short-wavelength modes i&metry and laser geometry. With rings of beams, it is
easy to understand. If we assume that the channel betWG%ssible(NTIS Document, 1984to exactly eliminate all the
the capsule and the hohlraum wall is thin to radiation transt egendre moments with <tI<2N—1. If the number of
port, then any point on the surface of the capsule averaggseams in each ring is equal toN2-1 or more, then the
flux from a large fraction of the hohlraum wall. In this pro- spherical harmonic mode¥" with m<2N—1 are elimi-
cess, all high-spatial-frequency modes are averaged out. Khted as well. In a hohlraum with no holes, the rings must be
practice, a de_sire to maximize hohlraum coupling efficiencyp|aced at the zeroes of the Legendre polynomial of oNter
often results iRy /Reap<4, at least at early times. There- 1 hoams in each ring must be uniformly spaced around the

fore, tEOt?tPZ anq _I?_4|c_an t_)et_ |ssutis. lAIsol bg?causi gf RT ring, and the intensities of the rings must be proportional to

growth after an initial imprinting, the 1evels dfe and s 5 Gayssian quadrature weight for that angle.

can sometimes be an issue even at small levels. For non- . :
Holes in a hohlraum wall can be treated as a negative

spherical hohlraums, the situation is somewhat more compli-

cated because coupling between modser, 1985occurs S B S BB S SRR S0 T SETRE
for finite-size capsules. If a pul®, is applied to the cas®, y

and all higher even modes appear at the capsule. This occutllérneOI off so that no flux comes from the beams, then a

because different points on the capsule see different soligdnificant negativé®, /P, occurs because of the holes. For a
angles of the hohlraum wall and hence have differentypical laser hohlraum, holes cover about 5% of the solid

smoothing factors. This changes the shape of the perturb&"9l€ andP;/Po=—0.227 from the holes. To balance this
tion, which is equivalent to adding harmonics of the applied@Symmetry, the centroid of the laser emission must move
mode. Figure 5-2 shows the coupliiBollaine, 1992 be- toward the LEHs. Because the hohlraum wall has a time-
tween P, and P, for a cylindrical hohlraum that has a varying albedo and because of plasma blowoff from the
length-to-diameter ratio of 1.7, comparable to that of hohl-nohlraum wall, which changes the angular position of the
raums on Nova or for NIF ignition hohlraum designs. Fig- laser beams relative to the capsule, symmetry in hohlraums
ures 5-2a) and 5-2b) show theP, andP, at the capsule for also is time varying.
a P, (P,) applied at the case. The principal effect of this Because the interior of an ICF hohlraum is initially
coupling is to slightly shift the optimal pointing location for empty or filled with a low-density, optically thin gas and
capsule symmetry in the discussion below. remains largely optically thin during the laser pulse, the dif-
In Fig. 5-2, all odd harmonics have been ignored be-fusion approximation used for losses into the hohlraum wall
cause of an assumed left—right symmetry to the hohlraumn Sec. IV does not apply to transport within a hohlraum.

0.9
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When blowoff from the hohlraum wall is important in an angular locatiord, relative to the hohlraum axis and the
determining the spatial distribution of sources and sinks ofaser entrance hole subtends an ar@lg. The position or
x-ray energy in the hohlraum, or when material in the hohl-relative powers for multiple rings would be chosen so that
raum approaches an optical depth, the coupled hydrodynantheir power-weightedP, is the same as that for a single ring.
ics and radiation transfer equatiofMinguez, 1993 must be  The flux at any point on a capsule comes from both the
solved. Several models—including Monte Carky,, and laser-heated region and the x-ray-heated wall. Only the flux
Sy—have been developed to solve the radiative transfefrom the laser-illuminated region is sensitive to the pointing
equation. The Monte Carlo probabilistic methods, whichaccuracy of the laser. The flux from the x-ray-heated wall is
have been considered as the main reference for compariregsentially independent of exactly where the laser hits the
other approximations, were first applied by Flé¢ékeck and  wall. As the wall albedo increases, so does the ratio of the
Cummings, 1971 The spherical harmonic method, By, pointing-insensitive flux from the x-ray-heated wall to that
method(Pomraning, 1978 is based on the expansion of the from the laser-heated regions.
specific intensity into spherical harmonics. When only the  We definel ¢ to be the x-ray source intensity provided by
first two terms of the expansion are used, the Eddington othe laser, and the blackbody emission from the wall to be
diffusion approximation is obtained. The discrete ordinates,
or Sy method(Pomraning, 1973asolves the transport equa-
tion for a series of specific angles.

If blowoff is unimportant, a “viewfactor” calculation ';gﬁf;e
(Kirkpatrick et al, 1988; Murakami and Meyer-ter-Vehn, ring
19918 can be used. This approximation assumes vacuum
radiation transport between surface coupled to a wall loss

model, such as that given by E@-20). | Laser

However, significant insight can be obtained from an _ entrance
even simpler analytical model that can be used to estimate f?l;l\ ;'\°'e (LEH),
the required location of the laser spots at various times, as ~~., Y O

well as the sensitivity of the symmetry to deviations from the

optimal position(Lindl, 19989. The hohlraum is assumed to

be spherical, although the analysis also can be done for cyl-

inders (Tabak, 198Y. For purposes of this discussion, the

effect of the capsule on hohlraum symmetry is small and is

ignored. Although the model is readily generalized, we also Hohlraum wall

assume for most of the analysis that there is a single LEH hws Aw

and a single ring of laser beams on each side of the hohkg 53 A simplified spherical hohlraum is used to analyze hohlraum
raum, as shown in Fig. 5-3. The laser-beam ring is located afymmetry.
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l,=10"2T?, whereT, is in units of 13 eV, as before, and 10" — T —TT T T
|y, Which is in units of 1&° W/cn?, is assumed to be uni- B T =300eV .
form throughout the hohlraum. Although this assumption is B

not strictly valid, the variations within the hohlraum are rela-
tively small for typical laser-driven hohlraums. The laser F
spot intensity is the excess brightness of the wall directly
heated by the laser. The excess flux from the laser spots mu:
supply the energy lost to the hohlraum wall, LEHS, and cap-
sule. To lowest order, this flux is independent of the size or 0 vy 1 11l R
solid angle of the laser sources, bytlearly depends on the 101 10° 10"
size of the laser spots. A smaller spot must be more intense i
order to produce the required energy. The ratio of the lasel
spot intensity to the wall intensity depends on the wall al-
bedo and the sizes of the LEHs and the laser spot. If we
ignore the capsule, we have

T (ns)

— Laser entrance hole total

Q
lid leZH = 0.0
solid angle i 5

| A=EY+1,AL, 50 |—

whereAg and A, are the areas of the laser spots and LEHs.
The hohlraum-wall loss for AuE,,, is given by Eq. _
(4-20), and the flux into the wall for constant temperature is ©

3 40 |- —]
BB _ v _gox109 1t 5-3
_— =3.2X —_——— -
dt w 70'38K8'39, 639 35— b
whereE,, is in megajoules, and,, and r are in square cen- | | | | | | | | |
timeters and nanoseconds, as before. The ratio of the lase 300 {1 2 3 4 5 6 7 8 9 10
x-ray intensity to the wall radiation intensity is then F

. A,/ 032 Ay

-_v + (5-4) FIG. 5-4. (a) The hohlraum smoothing factét versus pulse lengtl is the
. . *
A\ TOTO3KIRT A,

ratio of the x-ray flux from the hohlraum wall to the flux from the laser hot
spots.(b) The required laser source angular locatiro zeroP, versus

For a sphere, the ratio of the areas is the same as the ratio dhiraum smoothing parametér As the hohlraum wall flux increases, the
the solid angles, so we can also write laser spot must be closer to the laser entrance hole to compensate for the
deficit in flux from the LEH.

s Qy Oy
E_Q_s(l_a—i_ﬂ_w , (5-5)
whereQ,,, Q, and(Q, are the fractional solid angles of the During an interval of a few hundred picoseconds, while

wall, LEHs, and laser source regions. The rdtiof the total  the albedo and optimal pointing position are changing rap-
power from the wall to that from the laser spots is given byidly, the flux symmetry in hohlraums can vary greatly with
time, but ignition capsules can tolerate a high degree of
_ Ll _ 1 _ (5-6) asymmetry for times this short as discussed in Sec. Il.
1sQs 1 Oy In the case of a single ring of laser irradiation on each
Cat Q, end of the hohlraum, the laser emission region will balance
the P, from the hole if we have

It is F that will determine the optimal pointing angle and the
relaxation of the pointing requirements in a hohlraum. Add-
ing a capsule to the analysis has the effect of adding a term fls(x) Pz(x)dx+f [w(X)P2(x)dx=0, (5-7)
Qcap/ Q, to the denominator, whet@ ., is the solid angle of s w

the capsule as seen from a point on the wall. ) o
At t=0. the ratio of the wall emission to the laser Spotwherex:cosa Assuming that the emission from the laser

emission is zero. But the total wall emission rapidly comes tg>0Urces is uniform and that loss from the LEH is uniform,
dominate the emission from the laser spots. For example, fdrd- (5-7) is approximately equivalent to

the ignition design, the drive temperature is about 300 eV _ _

while most of the energy is being delivered, and the pulse  P2(Xg)Qsls=Po(Xy) Ayl . (5-8
width is about 3 ns. The drive temperature is about 100 eV

during the foot, a duration of about 10 ns. Figure(84s a  This expression is accurate to terms of ordt/4 in the
plot of F vs time at 100 and 300 eV for a case with LEHs fractional solid angles of the laser sources and LEHSs. In Eq.
that cover 5% of the total solid angle. Even at 100 eV, the5-8), X is the average value of cédor the LEH or the laser
total flux from the wall exceeds that from the laser spot insource location. Using the expression foifrom Eq. (5-6),
less than 100 ps. we have
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% i_(2I+l)fI(x)P|(x)dx
_ — Q4 — Q Po S1(x)dx
P2(Xs)=Pa(Xn) g F = Pa(Xn) o |-
v 1—a+Q—H _ @D SCIP)AXF fulw(X)Pi(x)dX]
w (5_9) ISI S(X)dX+IWIW(X)dX
(5-13
The effect of the capsule could be included by adding an- .
other term,Q./Q,,, to the denominator iff, as discussed to obtain
earlier. Figure 5-th) plots the required location of the center Q
of emission for the two-ring case as a functiorFofor holes 5 pz(z)_ pZ(YH) HE
that cover 5% of the solid angle. This angle is measured _ Qy,
(P2/Po)wan= (5-14

relative to the center of the capsule, so 0° is the axis of the
hohlraum. Only the angle of one of the two rings is given.
The other ring is located symmetrically on the other end offhe error introduced by deviations from the optimal angle
the hohlraum. If the holes were smaller, the required shift ird'e reduced by the factor+F, compared to those that
angle would be less. One effect that is apparent from Figsvould occur att=0 (F=0) or with no hohlraum. At~
5-4(a) and 5-4b) is that a rapid change in hohlraum tempera- =0, for the two-ring example used heie;/P,=1% for a
ture results in a rapid shift in the optimal pointing angie ~ Pointing error §6,=0.08°. For the case of two rings per
power balance for multiple ringsThis occurs because of a Side, the required pointing angle of the centroid of emission
drop in albedo, oF, which accompanies a rapid temperatureis obtained by varying the ratio of power in the two rings so
change. For example, as seen in Fig.(84it would take that a pointing error corresponds to a power imbalance be-

600 ps at 300 eV to reach the albedo, or valu€ pthat was ~ tween the two rings. o
achieved after 10 ns at 100 eV. For the NIF ignition capsule, the time integral Bf /P,

Equation(5-9) can be generalized to more rings of |asermust'be rgduced be'low about 1%: Because most of the en-
sources and to higher-order perturbations. With two rings perdy is delivered while & F~ 10, this corresponds to about

1+F

side, we can generaliZe to be a 1° placement error in the average position of the rings. For
the NIF hohlraum, a 1° ring placement error corresponds to

W Qy about a 10Qum movement of the ring along the wall at the

F= T00a 1505 (5-10  initial radius for a ring at 50° relative to the capsule. Since
many beams will make up the laser rings, the pointing accu-

The condition for balancing, is then given by racy for individual beams is further relaxed from the average

aiming accuracy by a factor of 2 or more, depending on how
— — — Qy the pulse shaping is carried out. Detailed calculations for the
Pa(Xsp)e+Pa(Xsp)(1—e)= Pz(XH)Q_WF: hz, NIF ignition targets were presented in Sec. II.
(5-12) The time-varying albedo discussed previously causes a
time variation in the optimal pointing angle for the laser
wheree and 1-¢ are the fractional powers in each ring. beams—or a time variation in capsule flux symmetry—for a
With two rings per side, the power in each ring can be variedixed pointing angle. Plasma blowoff from the hohlraum wall
in time so that the location of the centroid of emission ishas the effect of changing the source angle in time, relative
always at the angular location required to eliminate Bie  to the capsule, for a fixed pointing direction. As plasma
flux variation. If the initial ring positions are at the zeros in blows off the wall, the laser absorption and x-ray emission
P3, at #=39.23° and 90° relative to the capsule center, theralso move off the wall. This has the effect of moving the
P, as well asP, can be zeroed at time zero. For these loca-angle of the laser source relative to the capsule back toward
tions, the expression far is given by the LEH. Although the position of the critical surface never
moves very far from the original hohlraum wall, the absorp-
tion position can move far from the original wall. Inverse
bremsstrahlung is very efficient at absorbing the laser light in
high-Z material, even at densities well below the critical den-
At time zero, the relative powers in the beams must be thejty. The inverse bremsstrahlur¢B) absorption length is

Gaussian quadrature weights. To satisfy this requirement, thgiven approximately byDawsonet al,, 1969
ratio of the power in the inner ring from each side to that in

_ 04 px QHF 5-12
8—3-—2(H)Q—W- (5-12

the outer ring on each side is 0.8tat0. Then,P, is con- 0.56\°T>q keV)

trolled by changing and can be zeroed as long as the re-  Ms(CM)= ingZInA (5-19
quired emission location does not move to a lower angle than

the location of the ring closest to the LEH. where\ is the laser wavelength ipm. In Au or other high-

Hohlraums help reduce the sensitivity of asymmetry toZ hohlraum wall material, the absorption length is less than
pointing errors. To estimate the magnitude of the asymmetr®.1 cm forn/n.=0.1 at a temperature of 4 keV, which is
at the hohlraum wall, which would occur from a pointing typical for the laser-propagation channel, as discussed in Sec.
error, we can use Il. This is comparable to the scale of a Nova hohlraum, but
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only about 1/4 the scale of an ignition-scale hohlraum. Ab-per side in the hohlraum and by varying the power ratio
sorption lengths in Au nean/n.~1/4 seldom exceed about between the two rings. This approach has been called “beam
100 um for a laser withh =0.35um. phasing.”
For both the NIF hohlraum and the Nova experiments,
the density along much of the laser-propagation path hag. Hohlraum symmetry experiments
n/n.~0.1, and the electron temperatufg~3-5keV. In )
both cases, the laser intensity-1—2x 10" W/c?. For 1. Measurement techniques
Nova-scale hohlraums, the laser is able to propagate through Techniques for inferring the flux asymmetries in hohl-
this plasma, even in Au, and most of the laser light is ab+aums have included recording either the hohlraum wall
sorbed fairly close to the wall in higher-density, lower- emission profiles or sampling the flux at the capsule location.
temperature Au near/n.~1/4. In NIF-scale hohlraums, in- For the former, both thermal x-ray and hard x-ray imaging of
verse bremsstrahlung in Au atn.~0.1 is large enough that the wall and spot emission has been used. For the latter, the
the laser-absorption and x-ray-emission region move fargnition capsule is replaced by a variety of surrogate spheres
from the original wall, which makes it very difficult to main- designed to enhance and/or time resolve the effects of flux
tain radiation symmetry. asymmetry. These x-ray techniques include measurements of
The fix for this effect(Lindl, 1978; Pollaine, 1988; re-emission patterns from high-spheregDelamateret al,,
Thiessen, 1988; Pollaine, 199it to displace the higl#-Au 1996; Magelsseet al., 1998, distortions of backlit images
blowoff with lowerZ material. As discussed in Secs. Il and of shock-driven foam ball§Amendtet al, 1997; Glendin-
IV, two approaches to this have been triét) a low-Z liner  ning et al,, 1999 and implosiongKalantaret al, 1997, and
on the Au, which blows off to fill the hohlraum interior with distortions of imploded capsules viewed in self-emission
low-Z and(2) an initial gas fill of the hohlraum. (Hauer et al, 1995; Haueret al, 1995a; Murphyet al,
Detailed modeling of the NIF targets with LASNEX 1998; Murphyet al,, 1998a; Turneet al,, 2000. For a cy-
showed that the NIF capsule symmetry was adversely aflindrically shaped, Nova-like hohlraum with beam rings
fected by a hydrodynamic pressure pulse on the axis of thaimed as shown in Fig. 58, an observer at the capsule
hohlraum, when the lov was generated by a lo&-liner.  location would see a collimated source flux vs angle approxi-
This effect may be exaggerated because LASNEX is cylinmately as shown in the flux vs polar-angle plot. The laser-
drically symmetric, while the blowoff comes from individual produced hot spot causes a peak in this source at about 60°
laser spots that only partially fill the azimuth. polar angle. The cold, nonemitting LEH provides zero flux at
However, because a gas-filled hohlraum does not havlew polar angle. When this source flux vs angle is resolved
this stagnation problem, it has been adopted as the NIF basiwo its Legendre polynomial coefficients, there i®gand
line design. P, component of order unity and a substantial time-varying
Capsules being designed for ignition can tolerate somé&, component. If we choose an initial ring position yielding
time variation in symmetry without performance degrada-a time-averagedP,=0, time-dependent effects of spot mo-
tion, but the magnitude of the symmetry swings must be keption, as indicated on Fig. 5(6), and change in hohlraum
below a maximum that depends on the temporal history oilbedo cause a typical variation in the fractioRalpressure
the time variations as discussed in Sec. Il. asymmetry from negative to positive, as shown in Fig(&-5
There are several possible techniques for controllingor a standard Nova symmetry hohlraum (1.6 mm diam
time-dependent symmetry. For example, a slot could be cuk 2.4 mmlong with 1.2 mm diameter LEHS, driven by PS22,
in the waist of the hohlraum to exactly balance fheeffect a 20 TW peak power, 2.2 ns long, 3:1 contrast pulse, also
of the hole. The optimum location of the beam spots is therdescribed in the Sec. IV drive experiments
independent of time. This strategy would cost about 20% to  In thermal x-ray imaging of the hohlraum wéle et al,,
30% in energy. The same effect also could be accomplisheti997; Kauffmanet al, 1998, a slot is cut in the side of the
by reducing the albedo over a somewhat larger area near th®hlraum and the opposing wall is viewed with a soft x-ray
waist of the hohlraum. Alternately, one could put a high- imager(Zeet al, 1992. At Nova, imaging was performed at
disk in the hohlraum between the capsule and the entranaaultiple photon energies simultaneously, typically at 250 and
hole. In the limit that this disk has the same albedo as the regt50 eV. Spatial and temporal resolutions areu2b and 100
of the hohlraum and shields the entire capsule from the holgs, sufficient to resolve the ring or “spot” motion of 100 to
this eliminatesP, caused by the LEH and again gives a 200 um/ns. The field of view includes the initial spot of a
time-independent solution to the optimal beam location. Exbeam as well as some of the surrounding region. Figure 5-6
periments of this type were done on Noflandl, 19989 as  shows an example of the data at 450 eV for PS22 into a
discussed in Sec. VC2. However, neither of these apvacuum hohlraum. We quantitatively analyze LASNEX
proaches alone eliminates the effect of the time-dependesimulations of the experiment with a post-processor that
location of the emission region. Other approaches, such asimics the imaging diagnostic and the analysis. Figure 5-7
layered hohlraum walls to provide a space and time-varyinghows such a comparison, plotting the position of the center
albedo, are possible, and additional internal structure can baf emission for the 450 eV channel from simulations and
added to eliminaté?,, if necessary, to optimize hohlraum experiments. The error in determining the centroid from a
coupling efficiency. These technigues have not been evalsingle image ist40 um, or £20 um when averaged over
ated in detail. For NIF, as described above, we intend tseveral frames withint 150 ps. The+20 um error in find-
control the time-varying flux symmetry by using two rings ing the centroid contributes to22% random error irP,.
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(a) the component of spot motion observed—the component
Hohlraum Flux vs. angle along the hohlraum wall. More recent experiments also have
seen by capsule attempted to resolve the radial component of the wall motion
4 by the method of triangulatiofBack et al., 1997 using si-
multaneous views. However, the viewat 22° and 0° to the
hohlraum equatgr besides providing useful redundancy,
.~ 60° were not sufficiently separated in angle to make accurate
radial motion measurements.

For NIF, issues with thermal x-ray imaging of the hohl-
raum wall include correctly assessing the 3D perturbation
introduced by the slot, resolving the shallower spatial gradi-
ents in flux expected of the higher albedo NIF hohlraums

(b) (maximum albedo=0.9 vs 0.8 for Nova and Omega hohl-
raumg, and signal strength. In addition, it may be desirable
to attempt triangulation measurements again, perhaps by si-
multaneously viewing through the midplane and LEH. The
signal strength, for a Planckian source with a fixed ratio of
hv/kT and a fixed instrument bandwidth(hv/hv), is pro-
portional to (1v)*. Hence, the transition from studying Nova
hohlraums with foot temperatures of 160 eV to NIF ignition
hohlraums with foot temperatures of 80 eV leads to & 16
drop in flux. We expect that this factor can be fully recovered
by averaging in the azimuthal directidover the width of
the sloj.

In hard x-ray imaging, only the position of the hotter
laser—plasma regions are recorded. But the viewing can be
done for all spots and without perturbing the hohlraum envi-
() ronment, by using a thin-wall hohlraum, typically.@n thick

0.2 Au (Suteret al, 1997. These thin walls transmit-5 keV
emission, which is recorded by multichannel gated pinhole
imagers(Bell et al,, 1990; Kilkenny, 1991 with 25 um, and
50 ps resolution. Examples of different snapshots in time
0 = N from Nova and Omega thin-wall vacuum and 1 atm
methane-filled hohlraums driven by unsmoothed beams are
shown in Fig. 5-8. The methane is designed to emulate the
gas fill required for ensuring adequate symmetry control in
NIF-scale cryogenic hohlraums as discussed earlier in Sec.
V B. In both cases, the hohlraums are driven with 2.2 ns long
pulses with 2 or 3:1 contrast and peak powers of 10 to 20
TW. Errors in determining the spot position ate30 to 40
pum, 10% of the spot size.

For the Nova single-ring data, the view chosen in Figs.
5-8(@ and 5-8b) is perpendicular to the hohlraum axis,

. | | | yielding the component of motion parallel to the hohlraum

“o 0.5 1.0 1.5 2.0 axis. The distance between the centroid positions of the rings
t(ns) on either side of the hohlraums is plotted in time on Fig. 5-9,
FIG. 5-5. () Schematic of a cylindrically shaped, Nova-like hohlraum that Showing an average axial spot motion of 206/ns for the
produces a collimated source flux vs angle approximately as shown in thggcuum hohlraum case, consistent with simulations. For the

flux vs polar-angle plot(b). Schematic of laser-driven cylindrical hohlraum f . ) o
environment. As time evolves, the hohlraum wall blows in, intercepting themethane filled hohlraum case, Fig. 5-9 shows that the emis

beam ring at smaller polar angte In addition, the unirradiated wall emis- SiOn centroid time-dependent position was significantly dif-
sivity increases and the capsule radius decredsesredictedP, pressure  ferent from the vacuum case, demonstrating the sensitivity

asymmetry variation at caps_ule for a standard gingle Nova ri_ng/side illumi-gnd hence utility of the hard x-ray imaging technique. The
gf‘lggﬂ g‘;grggn;\/\slbg :ﬂ(”;g\;va?nzfzmnrg Ilc?nng, ;":’fhc olﬁtzr ar;‘tn;&'g;a;‘_EHs' reason for this discrepancy and its resolution are discussed

later in Sec. VC2.

For the Omega data on Figs. &eBand 5-&d), a com-

However, the full-wall profile at all photon energies is im- pound view was chosen and beams were staggered in time.
portant in determining the asymmetry at the capsule, so thisigure 5-8&c) is taken at the end of the illumination from the
is a lower estimate on the random error. Nevertheless, thfirst set of beams and Fig. 36§ during the beginning of the
good comparison with LASNEX shows that we can calculatesecond-set illumination. Overplotted are the expected posi-

P,/Pq
o

—0.1 —
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tion of the spots if there were no wall motion. Clearly, the

spots have migrated back along the incident beam path to Posg?on
wards the LEHSs, as predicted by simulations. Moreover, al- emission
though the second set of beams are not incident at the sam —>| |<—

these beams are interacting with a wall that has continued tc

move inward between Figs. 56 and 5-&d). This proves,

in accordance with LASNEX simulations, that the inward

wall motion is dominated by re-radiated x-ray ablation, not 1600 um

by laser ablation. This also means we can treat the wall as

moving radially inward at the same speed throughout the

hohlraum, an approximation borne out by simulations and |_|

used below in an analytic model of the time-dependemt

asymmetry. ’v‘
For NIF, issues with hard x-ray imaging include signal

strength during the foot of the NIF ignition pulse, when the

azimuthal locations as the first set, one can clearly see tha |_|

.-_-_________-_____-__-____
.
’

1000

average laser intensity at the wall is only38v/cn?, and I I
signal strength during the peak of the pulse, where a thickel
hohlraum wall(of order 6 um) is required to avoid burn- T 900 —
through of the Marshak radiation wave, and hence avoid a %5 O
change in wall albedo and re-emission. Both these concern: 9'.,_5 O o
can be alleviated by again using 1D rather than 2D imaging ¥ 2 800 I~ o
(i.e., averaging over spots in a ripgvhich could provide a g'E )—g—{ Caleulation
100x increase in signal strength. In addition, since the ac- 6.2 7g0 |- -
curacy in determining centroid positions is dominated by de- % °
tector noise(Glendinninget al, 1999 and the width of the 8%
rings, one could relax the instrument spatial resolution to 8 600 I~ ]
perhaps one-fifth of the ring widtf200 um), gaining an-
other 8 in signal. 500 | | | |

For directly measuring the time-varying flux asymme- 0 0.5 1.0 1.5 2.0 25
tries imposed at the capsule, surrogate spheres are require Times (ns)

One such surrogate consists of a nonimploding Igball. ) . _ o _
The local re-emission flux from each point on the ball is aFIG. 5-7. The observed axial motion of the centroid of emission for PS22 is
close to that calculated. The squares represent data from several shots with

measure _Of _the local incident ﬂU_X- The _re'emiSSion from thgnsmoothed beams whereas the circles represent data from a shot with
ball limb is imaged through a diagnostic hole or LEH, pro- beams smoothed with random phase plR=P.
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Nova Hohlraums
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FIG. 5-8. (Color X-ray images of laser spots from Nova and Omega hohlraums. The hohlraums hawetl?ick walls and transmit x rays withv
>5 keV. (a) and(b) Images from Nova hohlraums, perpendicular to the hohlraum axis, for vacuum and 1 atm methane-filled hohlraums, repgeticely.
(d) Images from an Omega vacuum hohlraum taken from a compound angle. (mag¢aken at the end of the first set of beams, whileis taken at the
beginning of the second set of beams. Open circles show expected beam positions without spot motion.

viding an instantaneous measure of the flux incident on th@ =2 keV from a 400um diameter Bi sphere sampling a
ball vs polar or azimuthal angle, respectively. The accuracypog eV, 1 ns constant-power-vacuum hohlraum dfktauer

on the measurement of the flux asymmetry is enhanced by; 5| 19954, A 2:1 left—right laser power imbalance was
choosing a re-emission photon enefgythat is many times intentionally imposed on the hohlraum. As time progresses,

t'he. thermal te.mperaturbT of the' hthraum drive. In the the redistribution of radiation by the hohlraum reduces the
limit of Planckian sources, an% incident flux asymmetry . . - .
left—right asymmetry in the re-emission from a left—right

results in annX (hv/4kT)% re-emission flux asymmetry. _ T ;
However, there is a practical limit to the maximum usaile ratio from 7.5 to 1.4. Any uncertainties in the exact relation-

as the re-emission flux falls off exponentially with photon Ship between the re-emission asymmetry and the incident
energy. flux asymmetry can be experimentally calibrated by impos-

Figure 5-10 shows examples of re-emission images ang intentional left—right asymmetries, as shown in Fig. 5-10.
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FIG. 5-9. (Colon Because of inward motion of the hohlraum wall, the A2 T T
separation of the two rings of laser spots in the Nova hohlraums increase: W-E flux
with time. Circles and squares represent data from vacuum and 1 atn Foofw ratio=1.4
methane-filled Nova hohlraums, respectively. 08F i 4
We have demonstrated that the re-emission is not fluores '°4‘{\ Ml W ]
cence stimulated by a high-photon-energy component of the S S E—"

hohlraum-wall flux. This component of the flux is energeti-
cally insignificant and hence not necessarily repregentatlve cI‘—iIG. 5-10. Evolution of hohlraum environment with an intentionally im-
the average flux asymmetry. When the higlsphere is over-  posed(east—westlaser beam imbalance of 1:2. The lineouts for each frame
coated with a lowZ layer only transparent to the high- are taken horizontally through the center of the re-emission ball. The top
photon-energy component of the hohlraum-wall radiationfra}me is taken about 200 ps after the rifeaol nslaser drive pulse; the

e . middle is about 400 ps after the rise and the lower about 800 ps.
(specifically AuM-band radiation at 2 to 3 keythere was
no measurable reemission. Hence, the re-emission is domi-
nated by thermal x rays.

Figure 5-11 shows the early time dependence of th
pole-to-equator re-emission ratio for a left—right symmetri-
cally driven vacuum hohlraurfPS22, withT =160 eV in the
foot), and the inferred®, asymmetry. Sincév/4k T~ 3, the
+15% accuracy in extracting the pole-to-equator re
emission ratio shown in Fig. 5-11 translates ta 8% accu-

racy in inferred instantaneol, asymmetry. . Lo .
yFor NIF, issues with re-en):issionyspheres include_lggg' The pressure asymmetries produce spatial distortions
ablation-driven expansion of the re-emission surface, thereb)! the shock _posmon and hence ou_t-of-round eo!ges to the
oam ball, which are recorded by radiography at high photon

limiting the duration over which the measurements can b Distorti f the shock front i imatelv related
made, signal strength for the NIF foot drive at 80 eV, angCnergy. bistortion ot the shock front is approximately relate
the drive-pressure nonuniformity by

accuracy for higher modes. Later-time measurements ha\}g
been demonstrated by overcoating the highurface with a d P/ P
— (T equator T potd) ~ 1/2 —( pole —1)
dt equator ! pol p Pequator .

é'ng with 16X larger area pinholes More experiments are
required to assess accuracy of detecting higher-order asym-
metry modes.

In the foam-ball technique, ablation pressure asymme-
tries P,, are inferred from the distortions experienced by a
shock driven into a low-density foam sphere placed at the
capsule locationAmendt et al, 1997; Glendinninget al,

bleachable lowZ layer, which delays arrival of the radiation
front and hence ablation of the highsurface. Clearly, the
re-emission technique is best suited for the earliest stages &ince the edge velocities follow shock velocities propor-

the hohlraum drive, the 10 ns long foot of the NIF pulse, andtional to \P/p, the lower the initial foam density the
especially for the earliest times during that foot when otheigreater the difference in edge velocitiesfor a given flux
surrogate sphere techniques are least sensitive and applisymmetry, and the greater the perceived distortion after a
cable. The 1& drop in flux by operating at 80 eV instead of given time interval. The limit on the minimum usable density
160 eV can again be fully recovered taking advantage of theccurs when the heat front becomes supersonic and a shock
fact that the required spatial resolution can scale with hohlno longer formgAmendtet al,, 1996. For the typical midZ

raum size, and hence re-emission sphere @z, by imag- (SiO,) foam balls, this translates into maximum edge veloci-

(5-16

Downloaded 20 Mar 2011 to 69.181.48.121. Redistribution subject to AIP license or copyright; see http:/pop.aip.org/about/rights_and_permissions



428 Phys. Plasmas, Vol. 11, No. 2, February 2004 Lindl et al.
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FIG. 5-11. (a) Pole-to-equator re-emission ratio for a left—right symmetrically driven vacuum hohlraum. The time average flux is pole-high in this example.
(b) P, flux asymmetry derived from pole-to-equator re-emission ragpTypical image.

ties of 100(180 um/ns for hohlraum drive temperatures of profile to maximize the signal without adding further blur-
100 (300 eV, respectively. The edge speed can be maxiting. The time-dependent distortions of the ball edge or limb,
mized for a given temperature by minimizing the foam den-decomposed into the lowest order modgs a,, anda, and
sity, with the minimump for SiO, being approximately pro- averaged over several frames withintd 50 ps window are
portional toT2. plotted in Fig. 5-13.

The distortion, decomposed into Legendre momerts
are related to the running integral of the applied pressure
asymmetrie,, (expressed as a fraction of the zeroth-order
pressure momer) by

a,(7)=-— 1/2J' P,(t)v dt

=—-1/2P,a, (for constantP,). (5-17

The negative sign accounts for the fact that a larger local
pressure leads to a depression on the ball. EqudSeti)
also shows that for a given measurement accuracyafor
the limit in accuracy in inferrind®,, is only dependent on the
maximum edge velocity approximately proportional toT.

A series of experiments were performed in single-ring-
per-side Nova vacuum hohlraums driven by PS22. The dis-
tortions imposed on 0.3 g/ch8iO, foam balls of 450 to 500
um initial diameter were recorded as a function of the initial
laser pointing by backlighting the foam balls with 4.7 keV
photons. Up to 16 frames, such as that shown in Fig. 5-12,
were recorded per shot with 10 to 18n, and 50 to 70 ps
resolution. The instrument spatial resolution is set to matcl g 5.12. image of a 0.3 g/chsiO, foam ball, backlit by 4.7 keV x rays
the intrinsic 15um width of the edge set by the ablation on Nova.
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FIG. 5-13.(Color) Coefficients of zeroth, second, and fourth Legendre polynomials from the pointing scan experiment. Data are obtained from backlit foam
balls of the type shown in Fig. 5-12. The laser power history and resulting radiation temperature are also shovay @iothe

In Fig. 5-13a), the increase in edge velocity or never leading to a negative value fas, which is in quali-
—dagy/dt as the drive increases during the pulse is evidenttative agreement with the results shown on Fig. 851.3The
As expected, the only mode that depends strongly on theniddle pointing ¢=1250xm) shown in Fig. 5-1@) corre-

pointing isa,, shown in Fig. 5-1&) for three pointing con-
ditions incremented in 10@m steps. For the most inward
pointed caseZ=1150um), this corresponds to an initially
large negativeP, becoming more positive in time, as ex-
pected from Fig. 5-b). By inspection of Eq.5-17), this
should lead to a positive slope fap decreasing in time but

sponds closely to the pointing of best symmetry siagas
closest to zero by the end of the pulse. This is borne out by
implosion results presented later. For the most outward
pointing (z=1350xm), the initial P, is already positive and
continues to grow, which should lead to an increasingly
negative slope and only negative values dgr This is also
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in qualitative agreement with the lower data set on Fig.(a)
5-13(b). Equation(5-17) can be applied quantitatively to the

P, pressure asymmetry, as inferred from theanda, data
shown in Figs. 5-1@) and 5-13c). From the data we have
da,/dt=1 um/ns. Setting this equal to-1/2P,da,/dt
=—1/2XP,X80 um/ns, impliesP,= —2.5%. Overplotted

are post-processed 2D LASNEX simulations, showing gooc
guantitative agreement after including a systematicu®
pointing offset in modeling the Nova beanfSuter et al,

1994).

The data error bars of1 um represent the standard
deviation of the results of four to eight frames. The error
does increase if the radiograph signal is weaker than usui
(for example, limited by shot noise rather than detectol
nois@ and hence noisier. This Am error is consistent with
the finding that current experiments with a variety of sym-
metry measurement techniques can determine the centroid
an edge, or more generally a feature, to abodi0% of its sesalooss o osbocsaloscalonss
width, hence to much better than the instrument resolution
The instrument resolution is usually optimally set for signal
strength purposes to be comparable to the feature size.

For NIF, issues with low-density foam balls include pos-
sible perturbing effects of the gas environment; hard x-ray(b}
preheat; integrity of surrogacy given that foam ball blowoff
material may be different from ignition capsule blowoff; and N |
correct modeling of the 3D hohlraum environment given thal = ®a, T |
some drive beams are required for backlighting and a larg - . 8]
area clear line of sight is required. Most of these issues wil = =
be addressed by 3D simulations in the future. Experimente 5(— - —
tests of code predictions in these areas will be performed o
the Omega Laser Facility. B y i ®

For imploding backlit shells, ablation pressure asymme-_, $ G
tries P, are inferred from the distortions experienced by ac—g o * | g :
celerating shells after shock transit. If we approximate thes |- }j O -
shell areal mass density as constant in tifne., the areal B ' 1| _ .
mass density loss through ablation is cancelled by the in E @ 1
crease due to convergengcéhe shell distortiora,, is related :
to the fractional pressure asymme®y by

an(T):_aof f Pnpodtdt,/ j f Podt dtl - -

(5-18 4 | | |
1.0 1.5 2.0 25
t (ns)

B W W R W W W RE W e s g e s s o oE W

me s sl s sl

Equation(5-18) also assumes a constant shell thickness a
the shell converges. If the shell thickens X%, the distor-
tion would grow by an additionat%, by the Bell-Plesset FIG. 5-14.(Color Backlit shells also provide data on implosion symmetry.
effect (Plesset, 1954; Hsing and Hoffman, 199For a con- (a) A CH shell doped with 3% Ge and backlit with 4.7 keV x rays) The
stant pressure asymmet®y,, Eq. (5-18 simplifies to (82) and (@,) coefficients vs time.

a(7)=—Pprag(7). (5-19

For identical distances movdiientical ag), a comparison shell break-up by RT instability growth of surface micro-
of the constants in front of Eq$5-17) and (5-19) suggests roughness, oib) secular growth of initial shell thickness
an accelerated shell distortion is enhanced by @ver a variations competing with flux asymmetries. For example, a
shock-driven foam ball distortion. The main disadvantage ofL% initial thickness variatiorie.g., 0.1um out of 10 um)
accelerating shells relative to the shock-driven foam ball iswill lead to a similar distortion as a 1%, asymmetry.
that the technique is principally useful only after shock tran-Hence the accelerated shell technique is best suited to de-
sit and the beginning of shell acceleration. One can considdayed time-dependent measurements.

thinning the shell to either reduce the shock transit time or  Figure 5-14a) shows an examplé&alantaret al., 1997
increase the distance traveled. However, a thin shell leads wf an image of a backlit shell, driven on Nova by PS26, a 6:1
either (a) large in-flight aspect ratios leading to undesirablecontrast, 2.2 ns long, 20 TW peak power pulse. The CH shell
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Standard (a/b) is used pally produced by the Ar and the images are, in fact, images
Nova to measure of fuel volume. Analysis of spectroscopy dat@elamater
hohlraums a image et al, 1996 and neutron datéCableet al, 1992; Nelson and
a:g;ﬂ';d W @b distortion in Cable, 1992 confirms calculated convergences.

:‘:ymmetric detuned To a good approximation, the final distortion at peak
drive hohlraums compression time is, just as for the accelerating shells above,

proportional to the fractional pressure asymmetry and dis-

Inward-pointing tance traveled, multiplied by a constant close to unity:

-»-

(a) (b)

UB-00-0593-1787 A

Symmetric

Outward pointing

a,~—Ppay. (5-20

Dividing by the final core diametea;, with C,~aq/a; for
largeC, ,

() a,la;~—Pyag/a;~—P,C,. (5-21)

Equation(5-22) states that the fractional distortion is propor-

FIG. 5-15. (Color) Nova experiments have extensively used x-ray imaging t!onal to the average fract|one_1l pressure asymmetry’ magni-
of imploding capsules to test the modeling of hohlraum drive asymmetriesf'ecI by the convergence ratio. For time-varying pressure
Observed x-ray image shapes confirm the calculated variation of the imploasymmetries, a properly time-weighted flux asymmetry of
sion shape with beam pointinga) inward-pointing shifts produce waist-  the type shown in Eq5-18) is required.

high fluxes or “sausaged” imageg}) symmetric;(c) outward-pointing : ; ;
shifts produce pole-high fluxes or “pancake” images. The tilted axi&jn Typlcal convergences, for these |mp|OS|0nS are 7 to

shows the effects of beam imbalance and pointing errors prior to the Precil(_)v with Centra! emit'ting core diam.eters of :_30 to pin.
sion Nova improvements. Given current diffraction-limited spatial resolutions ofuh,

only the lowest-order modes are accurately resolvable. To
date, the images have been primarily analyzed¥pasym-

is 40 um thick CH ablator, has a 220m inner radius and is metry, and historically quantified by their easily visible ellip-

doped with 3% Ge to enhance the backlit image contrast ‘,ﬂcity, that is, the ratio of the core full width at half-maximum
4.7 keV. In Fig. 5-14b), results from initial shots for the, (FWHM) “a" at the equator at 90° to the FWHM at the pole

anda, coefficients extracted from the images are plotted in b"at 0 where
time. A cleara, component emerges, and preliminary data
and simulation suggest these shells are indeed at least 2
more sensitive to late time asymmetries than solid foanfor small values ofa,/a;. The final relationship in Eq5-
balls. However, the error bars @, coefficients from pre- 22) assumes thaP, is the dominant asymmetry; for ex-
liminary data are currently about>X2 larger than for foam ample, if theP, andP, components were equal, there would
balls, principally due to the motional blurring at the fasterbe of order 50% correction in E@5-22) in relating P, to
velocities(up to 300um/ns vs 100um/ns for foam balls alb.

For NIF, issues with backlit shells include RT-induced The sign and magnitude &f, can be varied by changing
shell break-up, correct modeling of the 3D hohlraum envi-either the hohlraum length or the beam pointing. Figure 5-15
ronment again, and further experimental experience wittshows the results of changing the beam pointing. We define
backlit shells for symmetry diagnosis. the capsule pole as the portion of the capsule on the hohl-

In the most direct method of assessing the timesaum axis of rotation. The waist is the portion of the capsule
integrated asymmetries, a 5Qn diameter capsuléSuter  along the hohlraum midplane. When the hohlraum is elon-
et al,, 1994; Haueet al, 1995 filled with D, gas and a trace gated, as in the left image, the position of the laser beams is
of Ar gas is placed in the center of a Nova hohlraum and isloser to the LEH than is required to achieve uniform aver-
imploded by x-ray drive. Following the implosion is a bright age flux, resulting in a “pancake” implosion. As the hohl-
flash of x rays produced by the hot, compressed fuel andaum is shortened, as shown in the right image, the illumi-
enhanced by the mid- Ar. At that instant, snapshots are nation from the two rings of laser beams approaches the
taken of the core images formed by x rays viewed perpeneapsule waist, and the average flux delivered to the waist
dicular to the hohlraum axis through a hole at the midplandegins to exceed that delivered to the poles, resulting in a
of the hohlraum. The resulting images show emission that iSsausage” implosion. Between these two extremes, the laser
round, oblate, or prolate, depending on the beam pointingspots are at the optimum position for which the averBge
Figure 5-15 shows three of the earliest results, from pure Acwomponent is zero, and the implosion appears spherical. The
hohlraums irradiated by 1 ns flat-top pulses. A large body otenter image is spherical within the measurement accuracy
evidence indicates that these capsules, which operate atofia few percent in flux. An interesting feature of the sausage
pusher convergence from 7 to 10 depending on the pulsienage is the rotation of the image axis away from the hohl-
shape, do perform as expected. There is good agreement lraum axis. This type of nonaxial distortion occurred fre-
tween simulated and experimental capsule neutron yieldgjuently on Nova prior to the power balance and pointing
time of neutron production, and image sizes. Spectroscopynprovements achieved in the Precision Nova Project de-
confirms theoretical predictions that the x rays are princi-scribed in the Introduction.

a/lb=(1-a,/2a;)/(1+a,/a;)~1+(3/2P,C, (5-22

Downloaded 20 Mar 2011 to 69.181.48.121. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



432 Phys. Plasmas, Vol. 11, No. 2, February 2004

-

Lindl et al.

raum flux asymmetries are sampled. This provides a form of
time-dependent asymmetry diagnosis at discrete time inter-

ps22 unlined ' g fﬁ-" vals, commonly known as symmetry capsules. Figure 5-17
3 2 Auhohiraum 4 _— +§% shows an example of data from two thinner ablator capsules
i ;E:f:&;;;“: 3 (35 and 20um thick), driven by a PS22 Nova hohlraum. One
e 1 AP, ~1% would expect thinner capsules sampling only the early, pre-
E AR s ¥ (1.5% flux) dominantly negative®, phase of the hohlraum illumination
_g s e [see Fig. 5-kc)] to yield prolate imagesalb<1), as is the
o™ case in Fig. 5-17. There was good agreement between the

; : measured and predicted core distorticasdr=0.68 and 0.92
1200 1300 compared to 0.71 and 0.96.

Hohlraum half length { m)

08-00-1293-4416. puly

FIG. 5-16. (Color) Precision Nova implosions have shown excellent repro-

ducibility of symmetry.

For NIF, issues with imploded capsules as symmetry
capsules are few. Capsules arg 4arger for NIF than for
Nova and Omega, allowing either higher convergence ratio
capsules for the same final core size, or, for fixed conver-
gence ratio, larger core images, both cases allowing more
accurate inferences of time-integrated asymmetries. The

As a combined test of the reproducibility and accuracyPrincipal question is how early in the drive one can sample.

of inferring and calculating the time-integrat®g asymme- At Omega, 10um thick capsule ablators have been used
try, a series ofC,=7 implosions were performed with Pre- successfully with implosion times occurring only 300 ps af-
cision Nova(Caird et al, 1994 and carefully selected cap- ter the foot portion of a 2:1 contrast, 2.2 ns long, 10 TW peak
sules with almost identical characteristics. The capsulefower pulse, similar to PS22. These thin ablator capsules
consisted of pure CH ablators, 4&m thick, enclosing 50 behave as exploding pushers, and are less sensitive to hydro-
atm of D, gas doped with Ar. The capsules were driven bydynamic instability growth than if they were ablatively
PS22 in vacuum Nova Au hohlraums. The results of the meadriven. Current estimategindl, 19963 suggest the shortest
sured and calculated core distortiafb for two sets of im-  implosion time for NIF symmetry capsules will be during the
plosions yielding either close-to-round or intentionally oblatesecond shock, roughly midway in the NIF ignition pulse. If
images is shown in Fig. 5-16. Using E(-22), the mea- X-ray emission strength is an issue, backlighting at maximum
sured +0.1 scatter ina/b equates to a+1% variation in ~ compression might be considered for these symmetry cap-
inferred P, pressure asymmetry. We note that this scatter isules, in the same manner as for the backlit shells discussed
predominantly instrumental; for the initially larger NIF cap- above.
sules yielding similar final core sizes and hence higher Based on the simple analytic formulas presented above,
convergence ratios, the, accuracy should be even better. the accuracy of the symmetry techniques for NIF ignition
These experiments showed that a combination of reprodudiohlraums can be projected from results achieved to date on
ible hohlraum performance and reproducible symmetry diaga 3.5< smaller scale at Nova and Omega.
nosis at a level required for NIF time-integrated symmetry  The more indirect wall-based techniquékermal and
tuning can be achieved. hard x-ray wall imaging have been useful in providing in-
Capsules with thinner ablators and hence shorter implodependent confirmation of reasons for lar@geg., corre-
sion times have also been us@daueret al, 1995; Turner sponding to time-averaged P,=15%) discrepancies be-

et al, 2000 to vary the drive duration over which the hohl- tween simulated and measured

implosion distortions.

(a) (b) (d)
@ A I:‘a"lll:':"lﬂlﬂ- =0.92
[afh}m ol = 0.96 FIG. 5-17. (Color) Data from PS22
35 mm |-(—p-| : using the variation in implosion time
wall capsule 2.2ns of capsules with different wall thick-
ness:(a) initial capsule configuration;
(b) shaded portion of the drive repre-
sents the effective sampling interval
for the implosion for the two case;)
implosion image data taken orthogonal
© [a,-'h} =0.68 to the hohlraum axis{d) comparison
alb expt. 0.71 of the measured capsule eccentricity
20 mm ( }lheo, SR with the calculated value.
wall capsule
02-08-1094-3596pb01
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TABLE V —1. A comparison of the required asymmetry measurement accuracy for NIF ignition hohlraums by
mode number and the expected accuracy for each technique used so far. Note: The upper number in each box
is for the foot of the pulse; the lower numbg@n parenthesgss for the peak of the pulse.

P, (t=2ns)
measured in
any 2 ns
interval P,fdt
NIF ignition 10% 2% 1-2% 1-2% 0.50-1%
requirement (10%) (1%) (0.5-1% (0.5-1% (0.50-1%
Re-emission 3%
sphere
Foam ball 5% 0.5% 0.6% 0.7% 0.8%
(2.5% (0.5% (0.6% (0.7% (0.8%
Shell 5% 0.5% 0.6% 0.7% 0.8%
(2.5% (0.5% (0.6% (0.7% (0.8%
Symmetry 0.25%
capsule (0.25%

However, they are not viewed as high-precision symmetncapsules, the accuracy according to Eet20) scales with
techniques. initial capsule size, hence NIF time-integrated values for
For assessing the sensitivity of sphere-based symmeti&P, of 1%/4=0.25% should be feasible. Increasing the
diagnosis techniques on NIF compared to Nova, we assumepre image sizes at the detector plane to the centimeter sizes
similar spatial resolution and signal to noise can be achieveglanned for foam ball images may further improve accuracy
For the re-emission sphere, for fixéa/4kT ratio, the sen- and allow higher-order modes to be detected. This could be
sitivity to P, is then independent of size or temporal scale,accomplished by ultrahigfL00 to 200<) magnification im-
henceAP,(t)=£3%, as given above. More work remains aging with target-mounted pinholéKoch et al., 1999.
to assess accuracy to higher order modes. For the foam ball, A comparison of the predicted and required asymmetry
the accuracy over any time interval is, by E&-17), in-  measurement accuracy for NIF ignition hohlraums, shown in
versely proportional to the maximum sustainable edge velocTable V-1 by mode number and for each technique used so
ity about 1.8, whereCg is the sound speed in the heated far, shows that we have met the NIF measurement require-
foam at the hohlraum drive temperature. For a sinusoidaments discussed in Sec. Il.
P,(7) variation with periodr, the accuracy in inferring the Future work includes validating current extrapolations of
P, amplitude is, rearranging E¢5-17), measurement accuracy, at least for the foot of the NIF pulse,
2(V2hay)(wl2) 6Aa, by performing NIF-scale hohlraum sy'mmetry exp.er.i.ments at
,= ~ , (5-23  Omega. We also plan on demonstrating the feasibility of de-
1.C4(7/2) Cs7 tecting higher order modes.
where then/2 term accounts for the ratio of average-to-peak
P,, and thev2 term accounts for the fact that the difference .
between two statistically independent measured values, of 2 |'Me-integrated symmetry control
is required to infer a pressure asymmetry. For the foot and Time-integrated symmetry control has been demon-
peak of the NIF pulseC,=55 and 120um/ns. SinceAa,  strated for a wide range of hohlraums and pulse shapes. For
=1 um as given above, E@5-23 yields, fa a 2 nsperiod, each of the pulse shapes and hohlraum types, a symmetry
AP, (2ns)=5% and 2.5% for the foot and peak of the scaling was produced by varying the beam pointing or hohl-
ignition pulse, respectively. Averaged over a 10 ns foot or 3.5aum length while observing the resulting shapes of the cap-
ns peak pulse, the edge of the foam ball moves about 1/2 afules in self-emission. Moving the beam pointing in or short-
its initial radius, and the time-averaged accuracyAiB,  ening the hohlraum produces a more prolate implosion
=0.5%. For higher-order modes, if we assume the same rm@/b<1); moving it out or lengthening the hohlraum pro-
measurement accuracy, the accuracy in extracting,ato-  duces a more oblate implosioa/p>1).
efficient is proportional to (8+1)Y2 Hence, fora,, the Between 1990 and 1993, nine different symmetry scal-
accuracy is onlyy/(9/5)x worse than fora,, in agreement ing databases were produced with the single-ring-per-side
with experimental results. The projected time-averad®}  Nova laser in pure Au and lined hohlrauniSuter et al,
accuracy is then 0.6%. For the backlit shells, the sensitivity1l994. Three scalings were done with 1 ns flat-top pulses,
over a given distance traveled is intrinsicallix Detter after  five scalings with the PS22 pulse shape, and one scaling with
the shock breakout, but the measurement accuracy is cuan 8:1 contrast ratio, 3.2 ns, 27 kJ pulse shape, called PS23.
rently 2X worse due to motional blurring. For the symmetry These pulse shapes were used to irradiate both pure Au hohl-
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- T T Nova beams. The wall materials, laser power vs time, etc., of
- Hohlraum 54.7; . a given simulation are the best estimate of what was used in
Midplane N _| each experiment modeled. To model a given symmetry scal-
ATSINSIN . . . . ) .
| AR OSN SSE SN ] ing, simulations with a number of different beam pointings
\\\\Q\%\\\:\\\\‘\@R\\§\§\Q\\ were carried out. A post-processor simulated the actual x-ray
- \Q\Q\\\\\\i\\%\}\\S\\\\\ A N diagnostics, producing synthetic images that varied with
N \\\\\\\\\\\\\\\\\\\\k\\ LEH /‘ pointing from oblate or prolate. The ratio of the image’s
— \Q\:\\{‘\\\\QQ}\\\\\\\ 47 FWHM, perpendicular to the polar axis to the FWHM along
| &Q\\\\\\{\Q\\\\\\\\\\\\ 277 the polar axis was the distortion, which was compared with
L \\\\\\\\\\\ the experiment, as discussed above.
\ \§\\\\\\\\\ The LASNEX calculations started off fully Lagrangian.
SN | N Later in time, when the absorption region in the hohlraum

1 1 1 k’

(um) » has evolved to a slowly varying density and temperature pro-
file, the main part of the hohlraum interior was changed to an

FIG. 5-18. Cutaway at=0 from a 2D simulation of a hohlraum containing Eulerian grid. This allowed the calculation to deal with large

a pure plastic capsule with a realistic representation of Nova’'s beams. Th§hear flows that developed as the hohlraum plasma evolved

calculation is cylindrically symmetric around the horizontal axis and left— f the hohl hol

right symmetric across the midplane. The beams enter through LEH’s at th@nd EXpanded out of the 0 raum entra.nce oles. quever’

ends of the hohlraum. “Pointing” is the distance between the midplane andnost of the capsule remained Lagrangian to deal with the

where the beams “crossfi.e., the reflection off the horizontal, rotational |arge change in dimensions that occurred during the implo-

is of try, lly ch to be in the pl f the LEH. . . . . . . .
axis of symmetry, generally chosen to be in the plane of the sion. The Eulerian and Lagrangian regions were joined with
a stretching region that had matter flowing through it while

raums and lined hohlraums, as well as gas-filled hohlraumd°VNg _slowly. Using three_ nhumerical schemes in the same
With 1 ns flat-top pulses, both pure Au and Ni-lined calculation allowed us to simulate both main hohlraum and

(0.15 um) Au hohlraums fixed in length at 270Gm were the capsule with the most appropriate numerical technique.

tested. For these experiments, the beam pointing was varied Figure 5-19 shows a comparison of the calculated and
so that the position of x-ray emission varied along the |engﬂ{nea§ured distortion f(_)r one of the scaling series. This series
of the wall. With 1 ns flat-top pulses, pure Au hohlraumsconsisted of shots with Au hohlraunt&600 um diameter
were also tested in which the length of the hohlraum variedVith 1200 um diameter LEHSs lined with 0.1m Ni). In
with the pointing fixed so that the beams always crossed i#his series, the hohlraum length varied so that the beams
the plane of the LEH. The five scalings with PS22 were:always crossed in the plane of the LEH. This kept the LEH
fixed-length Au, and Ni-lined Au, as well as variable-length effects approximately the same for all of the experiments in
pure Au, Ni-lined Au, and CH-lined0.75 um) Au hohl-  the series. The experiments used the nominal capsules, de-
raums. The PS23 series used pure Au hohlraums that wef#ed earlier, and PS22. The self-emission x-ray images from
open cylinders. the imploded capsule were the key observations made on this
LASNEX was used for detailed modeling of these ex-(and all other scaling series. The x-ray diagnostics were
periments. Figure 5-18 is a cut away,tat0, from a simu- time-resolvedabout 100 ps frame timeand time-integrated
lation of a hohlraum containing a pure-plastic capsule that isameras filtered to measure emissio keV from the Ar
irradiated by a 2D representation of the five-beam ring offuel dopant.

|
|<— Pointing

Ni-lined Au

DEY

position

d = 1600 pm
20
I

!

FIG. 5-19. LASNEX calculations do
an excellent job of modeling symme-
try for experiments in which laser
pointing is kept fixed at the plane of
the LEH as the hohlraum length is var-
ied for pure Au and lined hohlraums.
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2E 22ns A of best symmetry for almost all symmetry experiments.
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The solid circles in Fig. 5-19 are distortions from the angular velocity to be very weakly dependent on laser power
experiments as a function of beam pointing. The horizontaP, . Over the period when the first 50% of the laser energy is
error bar shows an estimatet!50 um systematic uncer- delivered, the angular velocitgd/dt of the center of emis-
tainty in the absolute pointing of the bearfthe relative sivity increases only as the logarithm & (measured in
shot-to-shot pointing jitter is believed to be considerablyTW) closely following
smaller than this The open circles are modeling distortions. 0 6° 3.9°
Both experiment and modeling have about the same varia- —— = __ 4 .—(|0910 PL). (5-24)
tion of distortion with pointing and produce about the same ~ dt NS ns
pointing of best symmetryabout 1206 50 um in experi-  Coupling this expression for spot motion with the require-
ment and about 115@m in modeling. ment that the center of emissivity be at about 48° when

The pointing of best symmetry changes with the pulseabout 50% of the laser energy has been delivered to the
shape. For example, in a series that used fixed le@00  hohlraum results in a simple expression for the pointing of
um), Ni-lined Au hohlraums irradiated with 1 ns flat-top best symmetry:
pulses, the pointing of best symmetry was about 100
outward from the best pointing found in the PS22 series. For = pagt pointing=671 xm+
this 1 ns experiment, the pointing of best symmetry was tar( 48°+%><t )
about 132650 xm in experiment and about 125@m in dt = o0%
modeling. (5-29

Figure 5-20 summarizes the pointing of best symmetryris expression is for the standard 80 radius hohlraums
over the nine symmetry scaling databases in pure Au andnq Nova's 50° half-cone angle. The results of this very

lined hohlraums. It plots the pointing of best symmetry in-gjmple model are plotted as the filled triangles in Fig. 5-20
ferred from experiment against that of the integrated LAS-3,q also agree well with the database.

NEX simulations. Overall, there is good agreement. The ver-  tna role of the LEH in determining the average
tical error bars in this plot indicate only the uncertainty in theasymmetry was modified in another series of implosions
pointing of best symmetry extracted from each experimenta\?\mendt etal, 1996a. The symmetry of imploded cores
dataset, using the nominal pointing. The error bars do nof,55 varied by blocking the capsule’s view of the LEHs by
include the systematic uncertainty in Nova's absolute point, yisks of various radii, as shown in Fig. 5-21. The data

ing (about 50m), which would allow all the points to be 54 simulations of the core distortioagb as a function of
moved as a group, either up or down. Figure 5-20 shows that

for longer pulses, the pointing of best symmetry moves in-
ward, to compensate for the greater outward spot motion for
longer pulses.

In detailed LASNEX simulations, the pole and waist
fluxes are balanced for all these Nova symmetry series when
the flux-averaged center of emissivity as seen by the capsule
is at about 48° relative to the hohlraum axis. At the begin-
ning of the pulse this position is 54.7°. As the wall heats up,
the optimal position moves toward the LEH, as indicated in
Fig. 5-4. Because the time-averaged albedos and the size o
the LEH are about the same for all of these experiments, the
time-averaged optimal pointing position is also about the - s
same. The simulations include highemode components, a0

Y0|_Ume emiS_Sion. and mOde'CQUp”ng due to having a sphergg. 5-21. (Color) Schematic of a Nova Au hohlraum with Au disks cen-
inside a cylinder. LASNEX simulations also show spot- tered atz=+550um. Capsule and hohlraum dimensions are as indicated.
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Y 50 100 150 200 250 300 FIG. 5-23. X-ray image distortion vs laser pointing for standard capsule
. . implosions without beam smoothing. Distortions are plotted for methane-
Disk radius [um] filled hohlraums, vacuum hohlraums, and for calculations of implosions in

methane-filled hohlraums. Definitions of capsule distortion are shown pic-
FIG. 5-22. Implosion core distortion vs disc radius for hohlraums of thetorially.
type shown in Fig. 5-21.

ized, this gas has/n.~0.03, about the same initial electron

the disk radii are shown in Fig. 5-22. The images becomealensity as the NIF baseline hohlraum. At the peak of the
more oblatelargera/b ratio) as more of the LEH is blocked, pulse, the gas compresses to densities of abbug~0.1,
in good agreement with simulations. In the limit that the Aualso about the same as for the NIF targets. Propane-filled
disks completely block the LEH, essentially the entire timehohlraums have about twice the initial electron density of
variation in the flux on the capsules comes from spot motionmethane when fully ionized.
The various series of symmetry experiments above demon- Standard symmetry capsules were used to infer the av-
strates that we can control the combined effects of the LEHerageP, asymmetry from measurements of the core distor-
and spot motion, and that we can calculate the effects sep#ions a/b. Figure 5-23 shows the initial results of measured
rately. a/b distortion vs initial beam pointing for both vacuum and

The baseline NIF ignition hohlraum is filled at cryogenic methane-filled hohlraums. The pointing position, as indicated
temperatures wita 1 to 2mg/cn? mixture of H and He gas in Figs. 5-13 and 5-20, is the distance between the plane of
to control spot motion. Without this lo&- filling, inverse  the LEH and the capsule center. For all these experiments,
bremsstrahlung in Au at/n;~0.1 is large enough in NIF- the beams cross in the plane of the LEH. The symmetry
scale hohlraums, that the laser absorption and x-ray emissiatependence on pointing is similar for vacuum and gas fill,
region move a significant fraction of the original hohlraum but there is a 15@um offset in the pointing of best symmetry,
radius during the pulse, as described in Sec. Il. translating to at+15% average®, offset. Superimposed on

For Nova-scale hohlraums, which are about one-fourth 4-ig. 5-23 are the calculations for gas fill, which predicted
NIF scale, the laser is able to propagate through the lowlittle or no P, offset when including gas. The experimental
density, high-temperature Au plasma and most of the lasenffset was corroborated by a series of time-dependent mea-
light is absorbed fairly close to the wall in higher-density, surements using thinner symmetry capsules, soft and hard
lower-temperature Au. Because of this, calculations for Nova-ray imagingsee Figs. 5-&) and 5-9, re-emission spheres
show little difference in symmetry for pure Au vacuum or (Delamateret al, 19963, and optical imaging of the incident
gas-filled hohlraums. The principal purpose of doing theand transmitted beam patfidoody et al,, 1996. The results
Nova gas-filled hohlraum experiments was to see if anyfrom all these measurements suggest the beam is bent by up
plasma coupling effects would affect symmetry when theto 6° radially outward as it enters the gas-filled hohlraum.
laser propagated through the I&vplasma rather than a Au As discussed in Sec. lll, numerical simulations of fila-
plasma. mentation in a flowing plasméHinkel et al, 1996; Rose,

Implosions and related symmetry measurements using996, reproduce this beam bending. The filamentation ef-
PS22 were performed at Nova in hohlraums filled with meth-fects are not incorporated into LASNEX, and this results in
ane or propane at 1 atDelamateret al, 1996; Kauffman the discrepancy in the predicted symmetry vs pointing. The
et al, 1998. The gas and diagnostic holes were covered witheffect is largest where the flow speed is near the sound speed,
0.6 um thick Mylar or from 0.1 to 0.35%m thick polyimide  which occurs near the LEH.
windows to contain the gas. Most of the gas-filled hohlraum  The symmetry and implosion measurements in gas-filled
experiments were filled with 1 atm of methane. When ion-hohlraums(Delamateret al., 2000 were repeated with spa-
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FIG. 5-24. X-ray image distortion vs laser pointing for standard capsuleFIG. 5-25. Forty of Omega’s 60 beams can be arranged in three rings per
implosions in methane-filled hohlraums for smoothed and unsmoothedide with five, five, and 10 beams per ring at incidence angles of 21.4°, 42°,
beams. LASNEX calculations and data for vacuum hohlraums are als@and 59°, respectively. Schematic shows the three types of symmetry scans
shown. The smoothed beam data set gives a shift gird5rom the LAS- tried and the expected effect on the imploded core.

NEX results, while the unsmoothed data set gives a shift of 450

8X to 17X convergence capsules are shown in Fig. 5-27.
tially smoothed beams, where the percentage of highFrom Eg. (5-22, the measured and predicted distortions
intensity spots susceptible to filamentation, and hence beaggree to 2% in average,. In this case with widely sepa-
bending is greatly reduced. Figure 5-24 plots the results of sated inner and outer rings, the averd@g is being deter-
pointing scan taken under the identical conditions of Fig.mined by the cancellation of two large, components of
5-23 except for the use of smoothed beams. The results sho@@posite sign. The results shown in Fig. 5-27 are for optimal
that the 150um pointing offset has been reduced to 38, pointing and are further discussed in the Sec. VIl HEP4-5
at the level of the pointing and measurement accuracy, angsults from Omega.
once again in agreement with LASNEX. As discussed in Sec.  There are several other physics issues besides beam
lll, the filamentation responsible for the beam bending isbending for which uncertainties in modeling could poten-
calculated to result in less angular deflection on NIF than in
these Nova experiments.

The symmetry experiments described above have con I "I ' I3 " T " HEA "1 " 13
centrated on single-ring-per-side, 10-beam, Nova hohlraums E(a) 3 E(b) - E(c) -
The 60-beam Omega Laser Faciliyoureset al, 1996 has g ad1F a1k -
made it possible to carry out symmetry experiments in a& |- 1rF 1 F .
geometry with multiple rings per side. s I 1r ¢+ 1r Hr-+ ¢+ .

Up to 40 of the 60 Omega beams were used to |IIum|nate§ +*
cylindrical hohlraums(Murphy et al, 1998; Murphyetal, & 'E =0= ERES =
1998a. The beams were arranged in three cones of five, five Z.ﬂ 3 Z+ J B 3
and 10 beams per side with incidence angles of 21.4, 42, an B 1/ 1 E2 i
59°, respectively. Figure 5-25 schematically depicts the 0.3k T NI N Iy I I O B X S i

1300 1400 1500 1100 1300 1500 1100 1300 1500

pointing variations tested. The core distortion results and Cone 2 Cone 2 Cone 1
simulatio_ns are plotted in Fig._ 5f26 as a fun_ction_of pointir}g Pointing (um) Pointing (um) Pointing (pm)
for the different types of variations. The distortions are in
excellent agreement with simulations for all types of varia- 09051009260
tion, demonstrating time-integratde®, symmetry to 1% in Cone 3
multiple ring geometries. The combination of better pointing Pointing (nm)
accuracy(20 um rmg and better beam statisti¢40 vs 10 o _ o _
beams for equivalent beam-to-beam power imbalance, |ead§IG 5-26. Distortion as a function of beam pointing for the experintant
I dom asvmmetries and svstematic offsets rel n which beam cones 2 and 3 formed a single ring on each side of the
to smaller rando y Yy ‘%ohlraum A(b) in which the pointing of cone 2 was varied while that of cone
tive to calculations on Omega compared to Nova. 3 remained fixed at 120@m, and(c) in which cone 1 was added while
In another series of experiments, a NIF-like multiple- cones 2 and 3 remained fixed at 1500 and 1200, respectively. The
I’Ing geometry with well- separated inner and outer rlng cent uncertainty in the datésolid symbol$ is determined by analyzing multiple
images and contours on the same experiment, and that from simulations
troids was testedLanden, 1998 The results of the mea-

‘ - ] (open symbols, offset to the left for clarjtyepresents the range of calcula-
sured and predicted core distortidrandenet al., 2000 for tions obtained from the LLNL and LANL versions of LASNEX.
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level on the contribution of glint to low-mode flux asymme-
tries is estimated by multiplying 1% transmission by 10%
reflectivity, a negligible 0.1% contribution for a fraction of
1 ns.
Energy transfer between crossing beams by stimulated
Brillouin scattering in flowing and stationary plasmas will
change the power balance between beam rings and hence the
lowest-order asymmetries. For example, a 20% transfer of
' energy from an inner to an outer cone, as demonstrated in the
recent Nova experiments discussed in Sec. Ill, would lead to
a 5% offset inP,. If the P, offset is large enough, the target
or laser geometry would not have enough flexibility to cor-
— rect for it. It is also possible that the beam-to-beam variations
- could be larger than the NIF target could tolerate. The NIF
- &,m Data - laser design mitigates this energy transfer, eliminating poten-
- ® Calculations - tial resonances by using small variations in laser wavelength
o b— o 1 s ) e for inner and outer rings, as discussed in Sec. Il
5 10 15 20 Recent Thomson scattering measurements of plasma
Convergence temperatures in gas-filled Nova hohlraurt@Glenzeret al,
1997a; Glenzeet al, 1999 were higher than expected from
FIG. 5-27. (Colon Capsule distortion from Omega experiments using a| AGNEX simulations without self-generated magnetic
NIF-like multiple-ring geometry with inner and outer rings well separated. . . .
The results shown are for optimal symmetry and are discussed further iﬁ'e|d5- The hlgher temperatures, are reprOduced in LASNEX
Sec. VII for the HEP4-5 resullts. simulations that include the self-generated fieldsndl,
1998d. Simulations of NIF targets, which include the greater
heat transport inhibition and higher matter temperatures in
tially cause an offset between the predicted and experimerthe hohlraum interior caused by B-fields, lead to a propor-
tally inferred flux asymmetry at the capsule. These includgionately larger increase in laser light transmission over the
laser light directly incident on the capsule because of refleclonger path taken by the inner ring. This change in transmis-
tion from the hohlraum wallglint) (Landenet al, 1996; sion leads to a change in the hohlraum flux pattern and asym-
Hondaet al, 1998, the crossed beam energy transfer bymetries. The effect is roughly equivalent to a 2% change in
three-wave mixing, discussed in Sec. lll, and inhibited heagverageP,, easily correctable by a small change in pointing
conduction(Glenzeret al, 19974a. or ring-to-ring power balance.
The level of glint measured in vacuum hohlraums is
10% of the incident power over the first 150 ps, dropping_ _.
rapidly after that as the hohlraum-wall plasma develops, i Time-dependent symmetry control
agreement with LASNEX simulations. For a gas-filled NIF It is possible to describe the time-dependent symmetry
ignition hohlraum, the effects of glint are small because thdor the Nova experiments with an analytic formylaanden
reflected laser light has to bleach through a coldet al, 1999 based on the observed spot motion given by Eq.
(<100 eV) absorptive H/He plasma to reach the capsule(5-24), the pointing sensitivity of the source flux given by
Only 1% of the glint is transmitted through this low tempera- Eq. (5-14), and the geometric smoothing of asymmetry for a
ture gas, and only aftea 2 to 3 nsdelay, by which time the capsule in a cylindrical hohlraum shown in Fig. 5-2. For a
capsule x-ray ablation surface is separated by 200from  foam ball driven by a hohlraum illuminated by a single
the lower-density laser-absorption surface. Hence, an uppeing/side pointed near th@, node, we have

0.181%%

N

+1.2z—0.77)— Py(Xy)

1.5A/A,) T 1038
1+1.5Ay/A,) T 1938
2'2-[-2.71:0.38 '
1+ 15AL /AT 1038

P2 rf_Uft
—=5/0.25+0.6 (5-26)
Po r

1+

wherez is the axial distance in millimeters between the ini- time in nanoseconds after the drive starts, &nds the hohl-

tial ring centroid position at the hohlraum wadf areaA,,) raum re-emission temperature in heV after 1 ns. Equation
and the hohlraum mid-plarisee Fig. 5-88)], r is the hohl-  (5-26) is essentially Eq(5-14) modified to apply to the cap-
raum radius in millimeters;; is the initial foam ball radius sule surface location rather than the source location. The first
in millimeters,v; is in millimeters per nanosecont,s the  term in square brackets represents the smoothing factor for a
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02 hohlraums become increasingly dominated by wall fluxes
and are relatively insensitive to pointing position. TRe
sensitivity to pointing is greatest at early times whens
small. The 5% to 109, /P, offset between simulations and
the analytic model can be attributed to a positR« contri-
bution at the capsule due to a near-uritywall component,
which affected the measured ratioafb but is not included

01} ]
PP ,
"0

0.1

/
02f ] in the analytic model.
03k i Three experimental series conducted at the Omega
) (Turner et al, 2000 and Nova(Glendinninget al, 1999
04 [ R— laser facilities have extended the symmetry studies by dem-
0 05 1 15 2 onstrating time-dependent control B, and P, flux asym-

tns) metries. A NIF-like multiple ring illumination has been used

FIG. 5-28. Time dependence 8% /P, pressure asymmetry at a foam ball at Omega to reduce botR, and P, asymmetry swings to
calculated by the simplified analytical modelashed curvgsand by 2D |evels below those required for ignition. All of these series
_La_lsﬁex simul_ationeésp!id curves. The lower anq upper curves are for an used from 2.1 to 2.5 mm Iong, 0.8 mm radius hohlraums
g‘égalir?f?;nsgggif;i“on from the hohlraum midplane 2 430 .m and with 0.6 to 0.8 mm radius LEHs. The hohlraums were driven
by 2.2 ns long, pulse-shaped ®deams, with peak powers of
10 to 20 TW, similar to PS22, reaching peak temperatures of
spherical foam ball in a cylindrical hohlraum of typical 180—-200 eV. Time-dependent flux asymmetries were in-
length-to-diameter ratie 1.5. Variations of+20% around ferred from the shapes of shock-compressed, 0.25 mm ra-
this hohlraum aspect ratio value cause a negligible change idius, backlit, 0.3 g/cth SiO, foam balls.
the smoothing factor < +3%) for a typical initial ratio In initial time-dependent symmetry control experiments
r{/r=0.3. The three terms in the numerator in the second sain Omega, a single correction in time for tRg asymmetry
of square brackets represent the variation in the hotBpot was applied by turning off one set of beam rings midway
coefficient as the wall, and hence laser spots move in ane through the pulséat 1 ng and turning on another set appro-
weak function of hohlraum flux, and hence laser intensitypriately pointed to either enhance or reduce Byeasymme-
from Eq. (5-24); the initial hot-spotP, coefficient deter- try swing due to spot motion as indicated in Fig. 5&9
mined by the initial laser beam positions, and fhecoeffi-  Both cases were designed for zero-time integr&g@sym-
cient due to the laser entrance hole of a#gga respectively. metry for implosion times of 2 ns. The results in Fig. 580
The denominator represents the smoothing by the fdetor show a large excursion ia, for the case where the asym-
shown in Fig. 5-4 due to the recirculating flux in a hohlraum.metry swing was intentionally enhanced, reaching a peak of
The smoothing is a function of the hohlraum losses, and is about 4um, 2% of the average radius at that time. For the
weak function of the hohlraum flux and hence of the lasercase attempting to reduce the asymmetry swing,stays
pulse shape. Equatiofb-26) can be easily extended to the within =2 um at all times. Figure 5-30) shows thata,,
case of multiple ring illumination or high contrast pulse which is not controlled here, monotonically increases in ac-
shapes. cordance with simulations. Thes, data are well-matched by
The time-depender®, /P, asymmetry as derived from the overplotted semiempirical model combining E(526)
Eq. (5-26) for two initial beam pointing conditions in stan- and (5-17). The residual discrepancies between this simpli-
dard PS22 Nova hohlraum drives are plotted in Fig. 5-28fied model and code calculations, also overplotted, are par-
The model results are in good agreement with overplottedially due to the exclusion of mode-coupling terms in the
predictions from 2D radiation hydrodynamic LASNEX simple model(i.e., P, at a cylindrical hohlraum wall im-
simulations. At the earliest times, the negat®Re swing is  printing P, at a spherical foam ball
due to the rising albedo. The later positive swing is due to At Nova, time-dependent symmetry control was
the decrease in ring polar angle due to wall motion. B®th  achieved by a combination g&) sending different pulses
curves flatten and converge at late time, as expected whedown each half of each beam-line afiml defocusing beams,

> z -
v amme

\

FIG. 5-29. Schematic hohlraum illumination geometries used for time-dependent symmetry $&idi2%.and 59°f/6.5 Omega beams are staggered in time
(gray ring firs}. The delayed beam ringén black interact with a converged hohlraum wall. The dashed lines show the angular swing in the laser ring
positions as seen by the caps(&ft-hand side showing enhanced swing, right-hand side showing reduced sijrie0° f/4.2 Nova beams are split in half,

with each half(black and grayequipped with different pulse shage) Omega beam rings at 21° and from 42° to 59° provide simultaneous, multiple ring,
NIF-like geometry.
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FIG. 5-30. Results from Omega symmetry experiments with staggered bgafieam ball second-order Legendre distortions for redyfiked circles and
enhancedopen circleg P, asymmetry swingsb) Foam ball fourth-order Legendre distortions for redudfdted squaresand enhancetbpen squaresP,
asymmetry swings. Solid and dashed, bold curves are simulation predictions for reduced and enhanced swing cases. Thin curves are simplifiedeinalytic
predictions.

thus creating two rings of illumination with a time-varying nition because the ratio of pulse length to hohlraum scale is
power ratio, but with limited adjustability in ring separation, greater, leading to greater relative wall motion. The mea-
as indicated in Fig. 5-28) (Ehrlich et al,, 1997. The ratio  sured and code-predicted second and fourth order Legendre
of inner to outer half-ring power is increased in time to com-foam ball distortions are plotted in Figs. 5¢8R2and 5-32b).
pensate for the hohlraum wall inward motion. The measured'he improvement irP, control by using simultaneous mul-
second order Legendre foam ball distortions are plotted iniple rings rather than single ring illumination is evident by
Fig. 5-31 for cases with and without different pulse shapegomparing Figs. 5-3®) and 5-32b). Differentiating thea,,

on each half-ring. To enhance the effects of the asymmetrgata following Eq.(5-17), we infer <5% P, and P, pres-
swing in the absence of beam phasing, an inner pointing hasure asymmetries over any 1 ns interval, below the maxi-
been deliberately chosen that does not yield a round image gium level tolerable for ignition on NIF. In addition, Fig.
the end of the drive. While both illumination geometries 5-32 shows that the finah, and a, are zero within the
yleld the same final distortion as designed, Flg 5-31 Clearly_k 1 MM measurement accuracy, |mp|y|ng the averagand
shows a smaller swing in distortion for the foam ball expe-p, asymmetry has been limited to 2%. This is to be com-
riencing beam-phased drive. A comparison of the infeRed  pared with the larger 20%/r8, swings shown in Fig. 5-28

asymmetry with and without beam phasing shows>a - and 49 averag®, for traditional unphased and unstaggered,
duction in theP, asymmetry swing to levels below 5%/ns. jngle-ring illumination.

For the most recent Omega experiments, a NIF-like mul- o ) )
tiple ring illumination with adjustable ring separation was D- Summary of hohiraum radiation uniformity and
exercised as indicated in Fig. 529 Since the presence of future work
two rings pointed far from thé®, node position naturally There is quantitative agreement between data, analytic
reduces theP, symmetry swing, no beam phasing was re-models and code simulations of time-averaged and time-
quired; beam phasing is currently a requirement for NIF ig-dependent low-order flux asymmetries in cylindrical hohl-
raums. This includes measurement and calculation of the la-
ser spot motion. The agreement now extends from vacuum to
— | | i gas-filled and to multiple-ring hohlraums. Current symmetry
diagnostic techniques developed at Nova meet the accuracy
_] requirements for assessing and controlling low-mode asym-
metries in NIF-scale ignition hohlraums.
Symmetry experiments on Nova have been a good test
of many of the features that will affect symmetry on the NIF:

a, (um)

e The minimum case-to-capsule rati@tio of hohlraum ra-
dius to initial capsule radigigss comparable on Nové?.8)
and the NIF(2.5). As described in Figs. 5-1 and 5-2, this
— | | | = ratio determines the geometric smoothing of source flux
0 1 2 nonuniformities in a hohlraum. It also determines the cou-
t(ns) pling efficiency of x rays to the capsule.
FIG. 5-31. Results from Nova split-ring symmetry experiments. Foam ball. The LEH effect on the ﬂux, umformlty at the CapSUIe IS
secondP, order Legendre distortions for phasédangles and unphased comparable on Nova experiments and the NIF hohlraum.
(open circley drive. Curves are fits to the data. The P, /P, at the capsule, due to the LEH, is about 10%
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(a) (b)
FIG. 5-32. Foam ball distortions from
Omega multiple ring illumination in
cylindrical hohlraums driven by PS26.
(@) Foam ball second-order angh)
fourth-order Legendre distortions.
Curves are code simulations of ex-

1 pected distortions.

-3 — —2f- —

! | ! | ! | ] |
0 1 2 0 1 2
t (ns) t(ns)

a, (um)

for the NIF design. Depending on the size of the LEH, thisbe available and at the drive temperatures and implosion
effect ranges from 10 to 20% for the Nova experiments. pressures that we expect to achieve, operation in this regime
e The angular change in the location of the source emissiois necessary to successfully prevent shell breakup during the
due to wall blowoff, which determines the magnitude of implosion and subsequent compression of the fuel. The hy-
flux asymmetry due to spot motion, is about 10 to 15° ondrodynamic instability program was designed to study the
both Nova experiments with the 2.2 ns PS22 pulse and foablation stabilization that is responsible for reduced growth
the gas-filled NIF ignition hohlraum. rates. The program also carried out experiments designed to
» Refraction effects for both the Nova experiments and thdook at the transition between linear and nonlinear growth
NIF hohlraum are generally fairly small. The refraction and at the difference between 2D and 3D saturation. This

angle is given approximately byBorn and Wolf, 1975 work is reviewed below. There has also been a large body of
do d ﬁ 1n Lg recent work(Read, 1984; Youngs, 1984; Freetal, 1991;
dx dx 1-o=A0~5 (5-27)  Alon etal, 1994; Hechtet al, 1994; Alon et al, 1995;

¢ c-p Shvartset al, 1995; Oferet al, 1996; Oronet al, 1998;

where x4(Lg) is distance(scale length along the beam
path, andk,(L ) is distancescale lengthperpendicular to
the beam path. Becausén.~0.1 and electron conduction

Dimonte and Schneider, 2000; Cook and Dimotakis, 2001;
Oron et al,, 2001 exploring the transition and evolution of

o Leo T Rayleigh—Taylor and Richtmyer—Meshkow instabilities into
results inLy~L, refraction is limited to a few degrees. the fully turbulent regime. Although of great interest to many

e Implosion symmetry reproducibility for Precision Nova, as _... _.. in hiah itv phvsi hi Kis of |
shown in Fig. 5-16, meets the 1% uniformity requirementssr[uatlons in high energy density physics, this work is of less

N . . ) relevance to the indirect-drive ignition goal and is not re-
for ignition experiment time-averaged flux. Time- .
. viewed here.
dependent control of low-order asymmetries has been ac-
complished to the levels required for NIF ignition.

Ongoing work includes validating current extrapolationsB. Implosion dynamics
of measurement accuracy by performing, for the foot of the . . .
e NIF-scale ol symmety experiments a Omegy 52 1500554 b1, e e sy ot
(Landenet al, 2000. These experiments also test out new, ressure gr radiation tem egra)\/ture that can be eneprated on
more efficient backlighting techniquésandenet al,, 2007 P P 9

. . . laboratory facilities, and to the implosion velocity that is
for imaging NIF-scale foam balls and shells. We are also in . - . . .

: o . required for ignition. The relations between implosion pres-
the process of demonstrating the feasibility of detecting

higher-order mode&Pollaineet al, 2001 such asPg andPg sure a_nd implosion veloplty dgtern’qne the she[l aspegt ratio,
. - . he ratio of the shell radius to its thickness, which is directly
to the required 0.5 to 1% level. In addition, any issues tha}

arise from simulations concerning the applicability of therela’[ed to instability growth as discussed in Sec. VI C,

foam ball technique in a gas-filled hohlraum enVironmentrock-(rart]eelrzglt(i)osrllonlnOfa?ln;;Zti%?ﬁzlrjil\?eﬁarnoglfesetshce”be?(i:gs?
will be addressed at Omega Laser Facility. d ' ' '

which is the target corona, is continually heated so that it
remains nearly isothermal as it expands, instead of having no
VI. PLANAR AND CONVERGENT RAYLEIGH-TAYLOR internal energy as assumed for the ideal rocket. The implo-
INSTABILITY sion velocity Vi, can be written

A. Introduction

Mo

P mg
Inﬁzvexlnﬁ, (6-1)

The indirect-drive ignition targets for NIF have been de- Vimp= =
m

signed to operate in the weakly nonlinear regime of
Rayleigh—Taylor (Rayleigh, 1899; Taylor, 1950; Chan-
drasekhar, 1961 and Richtmyer—Meshkov(Richtmyer, whereP is the ablation pressuré the mass ablation rate,
1960; Meshkov, 1969growth. At the laser energy that will mg the initial mass, andn the final mass.
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For indirect-drive(Hatchett and Rosen, 1982; Rosen and ty 1 ty Mo
Lindl, 1983; NTIS Document, 1993pbwe have, approxi- fo vdt=>R= fo VexIn——dt, (6-7)
mately,
where
P(Mbar) p=3T3%=17078, (6-2
. my Vabltl Vimp
m(glen?/s) p=3X10°T3=10"13¢". (6-3) Inm—o=ln(1— AR >= Vo,
From these two equations, we then have
SRy Ve V‘”‘p) (6-8)
m m AR 1 ' )
Vingl€M/91p=107\T, In—> = 1.8x 1071 ¥¥In—>. (6-4 AR Vapi | Vex
wheref(xX)=[1—(1+X)exp(=x)].
The ablation velocity-V,, the velocity with which the ab- In numerical simulationsR/AR varies in time. The
lation front moves through the shell—is given by the massmaximum inR/AR typically occurs just as the compressed
ablation rate divided by the shell density, shell begins to accelerate. This maximum is not a represen-

tative value forR/AR, because the shell has not moved very

- 3/579/10_ 3/59/40
Vap( CM/9p=2.35¢ 10°a*T=6.6x 10°a”"1 15" . far, and the density has not relaxed to a more steady-state

(6-5) o ) _
distribution. For most high-gain targets, a more representa-
We have used the relationship between pressure and denstiye value ofR/AR, for use in comparison with the analysis
given by presented here, is the value at a time when the shell has
Ppr(Mbarn =2ap®3(g/en?), (6-6) moved about 1/4 of the initial radius. At this time, the shell

has moved about 1/2 of the total acceleration distance and
wherea is the ratio of the pressure at a given density to thehas experienced 4Z of the total number oe-foldings of
Fermi pressurd . growth for constant acceleration.

These equations, which are written both in terms of the  For implosions in which most of the mass is ablated, or
radiation temperatureB, (in hundreds of eV, or heMand an  in other words, if the implosion velocity is greater than the
equivalent intensity in units of #Wj/cn?, are reasonable rocket exhaust velocity,, thenf, is approximately linear
approximations for capsules for which the capsule ablatoin x. Because typical implosion velocities range from 2 to
albedo(the ratio of the re-emitted x-ray flux to the incident 4 10’ cm/s, this case generally applies to radiation drive,
flux) is near zero. Because it is usually possible to choose as seen from Eq(6-4), for radiation temperatures of a few
low-Z ablator that has sufficiently high opacity in its cold hundred electron volts. With this approximatiolR/AR) o
state to absorb the incident radiation but still have low opac{or in-flight aspect ratipfor indirect-drive is given by
ity in the heated blowoff region, this approximation is rea-
sonable for much of the capsule implosion history. This ap- E) %0_56\/"“9 for 4>V‘_mp>0_8_ (6-9)
proximation is valid longer for a sphere with diverging flow AR/ 5 Vabi Vex
than for a planar sample. When the albedo of the capsul
blowoff starts becoming significant, Eq$-2) through(6-5)
become time dependent.

Subsonic ablation implosion experiments on Nova,
which are described by Eq&-2) through(6-5), have been
very successful in the 200 to 300 eV radiation-temperatur

Equation(6—9) was obtained by assuming an ice block model
for the shell densityconstant density across the entire shell
thicknes$. In an actual ICF capsule, pressure and density
gradients are necessary for the shell to have a uniform accel-
eeration. Within the accelerating shell, we have

regime predicted to be required for laboratory capsules that dP
would ignite and burn when driven by 1 to 10 MJ lasers. pa=VP=—. (6-10
The shell in-flight aspect ratidFAR), the ratio of the ]
shell radiusR to its thicknessAR, can be related t, If the material across the shell has constant entropy, we can

V.1, andV,, by integrating the rocket equation. The watk ~ USe Eq.(6-6) to obtain

done on the imploding fuel by the pressiteenerated from d
ablation is given by ap2’3= constant. (6-11)
W= PdV. With the boundary conditionp=p, at r=0 and [pdr
\ol =poAR, we obtain

213
fraction of its initial radius. Shell velocities typically ap- = 1_§ﬁ , (6-12
proach their peak values by the time the shell reaches half its
initial radius. By the time the shell has moved this far, thewherep, is the peak density in the shell. The shell thickness

volume inside the shell has been reduced by almost an ordés usually defined as the distance between densities that are

of magnitude, and little mor® dV work can be done on the 1/e times the peak density. From E¢6-12) this is about

Most of the work is done while the shell is still at a large ( 2 r
Po

shell. 1.2X that of the ice block model.
If we assume that the shell is accelerated over half its From Egs.(6-6) and(6-9), the achievable implosion ve-
radius, we havéLindl, 19989 locity for radiation-driven capsules at fixed®/AR will be
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(a) Ablation front (G,) (b) Feedthrough (f) (c) Stagnation (G,)
— ~

FIG. 6-1. Schematic showing how RT
perturbation growth affects an implo-
sion. The designatiors;, G4, f, and
G, correspond to the total growth fac-
tor, growth factor at the outer surface
during acceleration, feedthrough to the
inner surface, and growth factor at the
inner surface during deceleration.

Gr~GfGg
linearly proportional to the ablation velocity or nearly lin- Simplified analytical models provide some insight into
early proportional to the radiation temperature: the evolution of hydrodynamic instabilities in ICF capsules.
A widely used formula for the growth of RT perturbations at
RIAR AL he ablation f is gi b
(Vimp)ip= mVabl=5-1>< 10« ﬁ-rR- the ablation front is given by
R L BkV, 6-14
:1'4X106a3/5ﬁ|%40- (6-13 Y= N 71rkL PKVa: (6-14

Because the minimum energy for ignition depends strongl)}n this quationk Is the modt_a wave numbe, is_ the accel-.

on the achievable implosion velocityevedahl and Lindl, eration,L is the density-gradient scale length in the ablation

1997; Basko and Johner, 1998: Herrmagtral, 2003, the front, and 8 is a constant between 1 and 3. Since the RT

ignition threshold is set by the achievable values of hohlrauninodes are localized near the ablation front, the advection of

temperature an&/AR. perturbed material away from the front by ablation was rec-
In general, the plasma physics constraints discussed i@gnized as a stabilization effect early in the ICF program

Sec. IIl limit the peak radiation temperature and the RT hy-(Bodner, 1974; Lindl and Mead, 19)5The RT instability is

drodynamic instability sets an upper limit to the value of the@ Surface mode with a depthkl/so density gradients have
shellR/AR. the effect of reducing the density contrast at the ablation

front and this reduces the growtllunro, 1988; NTIS Docu-
men).

Equation(6-14) with B~1 was first obtained in 1983
from numerical simulations for radiation-driven implosions
(Lindl, 1983. Equation(6-14) also compared quite well to

The RT (Rayleigh, 1899; Taylor, 1950; Chandrasekhar,numerical simulations of direct-drivéTabak et al, 1990
1961 instability and its shock-driven analog, the \yith B~3.

Richtmyer—Meshkov(RM) instability (Richtmyer, 1960; ~ o : —
Meshkov, 1969 have been a focus of research in ICF Cap_drivAIthough,B is smaller for radiation drive than for direct

e phveics, | ihi orated shells. the RT instabic Ve ablation velocities at a typical intensity of* 2W/cn?
sule physics. In smoothly accelerated shetls, the INStablia e about a factor of 10 larger for radiation drideindl,

]'cty IS thfethdommin(;.source dolf) plmertulrbatlon growthland :]he 9980 so that the stabilizing effects of ablation are larger for
ocus of tne work discussed below. In Some Capsules WhICH, yiaion  drive. The higher ablation rates also result in

are more impulsively driverfiLindl and Mead, 1975; Haan, thicker shells and lar . I
) . - o ger density scale lendthfer radiation-
1989; Tabak, 1989 the RM instability can be a significant driven capsules. Thicker shells have less feedthrough from

contributor to the growth. The ablation front is RT unstable, j .. ¢/ face growth to the inner surface. In optimized cap-

a_nd oute_r surface imperfections grow d“”T‘g the shell Implo'sules, ablation and density scalelength are about equally im-
sion. This growth can seed perturbations in the capsule int

. . . . . %'ortant stabilizing effects.
rior that in turn grow by the RT instability during the decel- For direct-drive, Eq.(6-14) is a generalization of the

eration and stagnation phase, and because of convergence, :

abe formula obtained by TakabEakabeet al., 1985 for
effects (Bell, 1951; Plesset, 1955The total growth at the a DT target, which has ver);/ small density gradients
hot spot—main fuel interface, as illustrated in Fig. 6-1, can be ’ ’

approximated a&+=G; - f- G,, where the total growth fac- 7:0_9\/@_73“/6“ (6-15)

tor (Gt1) has been decomposed into growth at the ablation

front or outer surface®,), fractional feed throughf() to  where varies in numerical simulations but is usually 3 to 4.
the inner hot spot/cold fuel boundary or to the pusher—fueRAblation of DT by thermal conduction results in very steep
interface in capsules without a cryogenic fuel layer, anddensity gradients at the ablation front so E6-15 differs
growth at the hot spot boundary during decelerati@n)( little from Eg. (6-16) in this case.

C. Hydrodynamic instability theory in indirect-drive
ICF implosions
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Equation(6-15) is similar to a form obtained by Bodner or
(Bodner, 1974 from an analytical model of ablation with a
density discontinuity at the ablation front and other authors %: ingrl(l_g)_ (6-22)
observed stabilization in simulations of ICF implosions early dy Lo
in the ICF program(Hendersonet al,, 1974; Fraleyet al,,
1975.

Recently, Bettietal. (Betti etal, 1996; Goncharov
et al, 1996; Bettiet al, 1998 have developed a model for
RT instability in the presence of ablation that obtains the Kala
density and velocity equilibrium profiles self-consistently —KkVT= Lo

from a model of thermal conduction. The model of Betti i i o i
et al. solves the mass, and momentum equations in the framgduation(6-21) shows that the density profile is determined
of the ablation front by the two parametellsy and v.L is related to the minimum

of the density(or temperaturegradient scale by the relation-

L, is the effective scale height of the energy deposition layer
in the ablation front obtained from setting the heat flux from
conduction approximately equal to the internal energy flux,

~CppalaVa- (6-23

t;_ﬁt' LY. (pV)=0, 616 ship (Kull and Anisimov, 1986:
; dp v+1l7 v
oV L,=min p/d—y}—Lo(v-l-l) fv®. (6-29)
p E+V~VV =—-VP+pg. (6-17
Forv—0,L,~L while forv>0,L,>L,. For example, for
The energy equation is given by v=2.5,L,~8L,. This occurs because for heat conduction
that is a strong function of temperature, the energy deposi-
d_S _ tion that drives the ablation actually occurs in a region that is
pT—+V-Q=0, (6-18 :
dt much narrower than the temperatuter density scale
where length. When the coefficient of heat conduction is a constant

(v=0), the thickness of the heat deposition layer is the same
as the temperature scalelength. The energy transport equation
dt ﬁ”LV'V- used in this model is a simple conduction model with a heat
transport coefficient that has a power law dependence on
Sis the entropy an@ is the heat flow. Following Kull and  temperature. In an ICF capsule, the energy transport can be
Anisimov (Kull and Anisimov, 1986, the energy equation quite complex. It is a combination of electron conduction

can be written as and radiation transport, which frequently cannot be described
y 1 9P by a simple power law in temperature. However, since the
V- (—1PV— KVT) =— (_1 ﬁ) +V-VP~0, Rayleigh—Taylor instability is mainly a hydrodynamic insta-
Y- Y

bility process, depending on density, pressure, and velocity
profiles, it turns out to be possible to describe most situations
whereQ=— VT has been used and of interest by using a power law conduction equation as long
ds dw 1dp as the value ob andL, used are those obtained from de-
T tailed 1D simulations which include the more accurate trans-
dt dt p dt port models.

is used to relate entropy, pressure and specific internal energy USing Egs.(6-20 and (6-22), the equilibrium momen-
W=C,T. HereCp is the specific heat at constant pressure (UM Ed.(6-17), can be written

The coefficient of thermal conductivity is given by dP U du V2
=k,(T/T," where k, is the thermal conductivity at the v —pg[l— — d—} = —pg[ 1-£72(1—¢) L -
ablation front temperaturd,. The right-hand side of Eq. y g dy o9
(6-19) can usually be ignor_e_d in subsonic ablation fronts of =—pg[1— & 2(1—¢&)Fr]. (6-25
interest to ICHKull and Anisimov, 1986. ) )
Using conservation of mass, The Froude number ErVZ/glL, plays a central role in the
instability because it determines the location of the pressure
U=|V|=paValp=Val¢ (6-20  peak relative to the density peak. ForsFt, the pressure

Beak is very near the density peak while forHr, the pres-

and assuming that the pressure is slowly varying compare . ! .
9 P y varying P gure peak is in the blowoff region well away from the density
e

to variations in the density and temperature so that we ca
relate temperature variations to density variations, (B9

is used to obtain an equation for the density variation, The linearized conservation equations for mass momen-

tum and energy can be combined into a fifth-order differen-

d|1 Ka 1 dé¢ tial equation. Using a boundary layer analysis for modes

dy E( N +mwa> with e<1 and a WKB approximation foe>1 wheree
=kLy andk is the mode number, it is possible to find ap-

_ _[E( L E”:o (6-21) proximate solutions for Br1 and FK1 and fore<1 and

dy| ¢ Ogrtldy e>1 and an asymptotic dispersion relation which covers the

Downloaded 20 Mar 2011 to 69.181.48.121. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Phys. Plasmas, Vol. 11, No. 2, February 2004 The physics basis for ignition using indirect-drive . . . 445

(@) CH 2.3 mm
DT ice 20smm g ~900 kJ
1.7 mm Tioor ~80 €V
DT gas Timax ~265 eV
Vimp=2.5x107 cm/sec
R/AR=35

FIG. 6-2. (Color) () 1 MJ plastic ablator capsule used
for the 2D instability study. It is a good test of the
Betti—Goncharov(BG) model for indirect-drive be-
Yield=412 MJ cause the density discontinuity at the ablator/DT fuel
interface is small until late time so most of the growth
is at the ablation front in the CHb) RT instability
growth versus mode number. The dots are from 2D hy-
drodynamic instability calculations. The solid line is
{b} from the BG model with the analytic profiles fit to 1D
hydrocode calculations at each time step. The dashed
line is from an approximate integral of the BG model

Fuel mass=3.9 mg

[ ¢ — using average values of the density gradient, shell as-
i pect ratio, and ablation rate.
8l
= |
£ T
= 6 - T
(=] — o :_‘:——_
T %=
5 4 i
z Betti-Goncharov
s [I" e 20 Hydrocode
(R} 2 0.8
—X— T 25
150
i ] S S S ——— e -
0 50 100 150 200
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full range of Fr, anck has been obtaine@Betti et al,, 1998. Eq. (6-26) would apply. However, during the peak of the
The analysis for all of this is quite complex and the pulse, when most of the growth occurs<Fr and Eq(6-27)
asymptotic dispersion relation requires a half page of algeapplies. Figure 64&) shows a plastic ablator capsule that is
bra. Fortunately, over a wide range of conditions of interestriven at 265 eV and absorbs about 0.9 MJ of energy. This
to ICF, the asymptotic dispersion relation has the same bezapsule is being evaluated for inertial fusion energy applica-
havior as Eqs(6-14) or (6-15 with coefficients that depend tions and is slightly larger than the largest capsule that might

on Fr andv: be tested on NIF with the enhanced efficiency hohlraum dis-
B _ cussed in Sec. Il. During the peak of the pulse;Br4 and
N = al(Fr,v)\/k_g B1(Fro)kVy, (6-26 the effectivev~1.5—-2. These are typical parameters for
g indirect-drive. For this set of parameters, an approximate dis-
No=az(Fro) \ 7~ Ba(Frv)kVa. (6-27)  persion relation is given bBetti et al,, 1998
P
Equation(6-26) works well for large Froude numbers while kg
Eq. (6-27) works well for small Froude numbe(Betti et al, y=0.9V 17 kL, 1.4V, (6-28

1998. The values of Fr and are determined by fitting the

analytic hydro-profiles given in Eq$6-22) and (6-25 with ~ The growth factors predicted by the full Betti-Goncharov
those obtained from 1D simulations including multigroup ra-dispersion relation compare quite well with those obtained
diation transport. For a typical indirect-drive implosion, the from 2D simulations(Herrmannet al,, 2001a; Tabalet al)
Froude number varies significantly between the foot of theas shown in Fig. 6-®). In calculating the growth factors
pulse and the peak of the pulse. During the foot-Erand predicted by the Betti-Goncharov model, the appropriate
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values of FrL,, andv are determined by fitting the analytic Rayleigh-Taylor growth versus ¢-mode
hydro-profiles to a detailed 1D simulation at a continuous from simplified model
series of points and integrating the growth rates. R/AR = 100
An approximate integral of Eq(6-28), in which the 12 - Ablation -
number ofe-foldings of RT growth depends only on the shell phase growth
in-flight aspect ratio, can also be compared to the 2D calcu- 10 b
lations. This expression is given by — — —Total growth
at hot spot
boundary
2Ix/R AR ~ s L =
n=J ydt~0.9 ~14 - (1-m/m) w 8 forfiaR = 35
C ———————————— — — — —
1+0.2 — ] Tolerable growth
R k=] e 35
e 6———r— N
0.9 20 92k 6-29 Pt / \
~U. R - 4. ?, ( - ) o 2l / \
1+0.2 — / \
R / \
wherel =kR is the Legendre polynomial mode numbky, 2 |- 10 ‘I

=0.25AR is the average density gradient at the ablation

front. For indirect-drive, values fo, typically range from

0.1 to 0.AAR, depending on the ablator material and the 0

x-ray drive spectrumL ,~0.5AR is the largest gradient scale

length consistent with maintaining a given peak shell density

and fuel adiabat. The value f&®/AR in Eq. (6-29 is an  FIG. 6-3. The ratio of capsule radius to shell thickness, the capsule aspect

average value during the implosion. A value near 3/4 theatio, largely determines hydrodynamic instability growth. Simple analytic

initial radius is representative and we (R&\R= 35 for the models can be used to estimate the amplification of perturbations as a func-

. . tion of mode number.

capsule in Fig. 6-@). The effect of convergence has been

ignored in the integral. For constant acceleration, the number

of e-foldings increases in the first term in E-29) because 2000 and Eq.(6-28) also works well here. The density gra-

of the decrease in wavelength with convergence but the statient is typically 0.02—0.04,, wherer,, is the final com-

bilization from the second term also increases with converpressed radius. Without deceleration, the hot/cold interface

gence. Within the accuracy of this model, these effects nearlyyould arrive at the origin at about ignition time or slightly

cancel. In doing the integral, a constant acceleration over gter depending on the pulse shaping of the implosion, so the

distanced equal to the initial radiuR is assumed. Peak effective deceleration distance is about equal to

velocity in a typical implosion occurs after a distance of —~0.5-1.0,,. For NIF capsules, most of the mass in the hot

about 2/3 of the initial radius. Using a larger distance in thisspot comes from ablation of the cold material in the implod-

planar approximation compensates for the spherical conveing shell during compression. Since the cold shell density is

gence. about 10 times the density of the hot spot, we can estimate
Because of the relatively low exhaust velocity, most ofthe depth of material ablated during deceleration,,y as

the shell mass is ablated in indirect-drive implosions t0(4w/3)ph0{ﬁ%4ﬂr2Arcold or Ar i/ T~ pr/3pe ~1/30.

achieve the required implosion velocity. Hence, we take (1  The approximate integral of E¢6-28) during accelera-

(] 10' 30 102 10° 104
f-mode

—m/mg)~0.9 in the integral. tion, usingL ,~0.02, is then given by
With these parameter, Eq6-29 gives a number of ‘
e-foldings very close to the 2D calculations or the full Betti—
) C 0.9\/ ——=—==—1.4¢/30. 6-30
Goncharov calculation as seen in Fig. @2 Mdecer™ 1+0.0% (6-30

Figure 6-3 is a plot ok-foldings vsl-number predicted
by Eq. (6-29 for a variety of values foR/AR. If we limit
the maximum number oé-foldings during acceleration to
about six, then we are limited t&/AR~ 35.

Growth during deceleration typically is limited to about three
e-foldings as seen from E6-30.

The source of perturbation at the hot/cold interface can
) ) be either initial perturbations on the inside of the shell or
Instabilities during the deceleration phase also must b erturbations that feedthrough from the outside of the shell.

controlled. Eor the_ case (_)f greatest mfcerest in high-gain IC The RT modes are surface modes that decrease away from
targets, the instability during deceleration occurs between thﬁ1e surface approximately as

DT hot spot, at high temperature and relatively low density, N AR
and the DT main fuel. Electron conduction provides some 7= nge “*R=nee ' 4FR, (6-30)

ablation stabilization as the hot/cold boundary moves intq4ance. the number a-foldings on the inner surface due to

the cold fuel during compression, and stabilization also 0Ctge(ithrough is reduced from the number on the outer surface
curs because electron conduction establishes a density grag,i)-,

ent between the hot and cold material. The same analysis

done at the ablation surface of the shell during acceleration n _ _|ﬁ (6-32)
can be applied during the deceleratidmbatchev and Betti, feedihrough R
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Because feedthrough decreases exponentially hyithwill NIF pT caPSUIe

be dominated by lower order modes. (a)

In this simple model, the combined effects of accelera-
tion, feedthrough, and deceleration result in a total number of
e-foldings of amplification of perturbations given by

naccel'" nfeedthrougﬁ" Ngecel

0.9 —ZI 2.28 AR
e L1025 R YR
T028 1
\/ | g
+0.9 110032 0.04. (6-33
When the effects of growth during acceleration, feedthrough, Ablator: CH+5% O+0.25%Br
and deceleration are combined with the fact that the spectral 1.05 g/em?

distribution of perturbations for typical capsules falls offlas
increases, the principal modes that contribute to perturba-

tions in the fuel are spherical harmonic mode numbers less Absorbs 153 kJ

than about 30 or 40. FoR/AR=35, the number of e

e-foldings predicted by Eq(6-33) is plotted in Fig. 6-3. Per:l.SZ g/cm
Equation(6-33) applies to the amplification of perturba- Yield=17.6 M

tions that grow initially on the outside of the shell during
acceleration. Perturbations initially present on the inside also ¥ fuel (mass average}
must be taken into account. The growth of these perturba- 4.1x107 cm/sec
tions during deceleration is limited by E(-30). However,

inside defects can feed out to the ablation surface on the

outside of the shell after passage of the initial shock through

the shell. This effect is a major contributor in determining the (b)

required cryogenic layer uniformity. Also, x-ray preheat can

result in an ablator density that is less than the fuel density 12

during acceleration of the shell. There is then an interior E

interface between the fuel and the ablator, which can also ©° 10

grow. This is a significant effect for some of the NIF cap- _.i,_ 8 - g g
sules, especially the NIF PT shown in Fig. @¥4(see also 5 L

Fig. 2-3. Figure 6-4b) shows the growth of perturbations at T 6 anEnp T "

both the ablation front in the plastic ablator and at the DT 2 " i : LY
fuel/ablator interface(Perkins and Herrmann, 2002The £ 4 " e S
Betti—Goncharov model does a good job of predicting the E *~ ——Model-Ab;ation Front ¥
growth at the ablation front. However, late in time the At- G 2 " 2D at fuel ablator Interface
wood number at the fuel-ablator interface approaches unity. 0 20 st shist'on front

This results in substantial additional late time growth, which 0 50 100 150 200 250
is particularly important for the shorter wavelength modes. Mode Number

Growth at this mterface 'Sf seeded .by feedthrc_)Ugh from th?—'lG. 6-4. (Color) (a) NIF PT capsule(b) RT instability growth vs mode
ablation front and is not included in the Getti—-GoncharoVnumber. Solid squares are growth from the 2D hydrodynamic instability
models. This short Wavelength growth contributes substansalculation at the ablation front in the CH. The solid line is the BG model.
tially to the sensitivity of the PT to ablator roughness asThe open squares are growth at the CH/DT interface from the 2D calcula-

. . . tions. The enhanced growth for the higher modes is due to a density discon-
discussed in Sec II. To reduce this effect, the PT CapSUIe It‘1‘ﬂ‘nuity at the CH/DT interface caused by x-ray preheat in the CH.
currently being re-optimized with a thicker ablator and/or

thicker fuel and possibly a graded ablator preheat dopant to

concentrate more preheat shielding near the ablator-fuel "l’McCrory et al, 1981. Within the framework of third-order
terface. erturbation theoryJacobs and Catton, 1988; Jacobs and

The above ana-ly5|s. cons_ldered only purely. equnent'aEatton, 1988n the amplitudes of the perturbation fundamen-
growth of perturbations in which the mode amplitude is Pro- mode(first harmoni¢ 7, second harmoniay,, and third
portional to the initial amplitude. Beyond a certain ampli- harmonic7, can be Writteln s 2

3

tude, the perturbation enters the nonlinear regime. The shape

of the perturbation changes from sinusoidal to broad thin 5, ~ 5 (1- %kznf), (6-34)
bubbles and narrow thick spikes. This transition corresponds
in Fourier space to the generation of higher harmonics 7,~ %knf, (6-39
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(6-36) Feedthrough is decreased because the pusher shell thickens
during convergence. Convergence effects are magnified dur-
where 7 is the linear regime spatial amplitude. The waveing the deceleration phase because of the large fractional
numbers of the first three harmonics correspond kto change in radiugHattori et al, 1986; Haan, 1989a; Sakag-
=2m/\, 2k, and X. At third order, we see in Eq6-34  ami and Nishihara, 1990; Sakagami and Nishihara, 1990a;
that the growth of the fundamental is decreased. In theflown and Bell, 1991 An accurate quantitative description
asymptotic limit of the nonlinear regime, the bubble ampli- of the growth of individual modes generally requires the use

3
73~ gk277|_ )

tude can be written as of numerical simulations.
The effect of a whole spectrum of modes, when all of the
f n(t)mf VFOA dt (6-37  modes remain in the linear or only weakly nonlinear regime,

can be calculated analytically by using the theory of Haan
which corresponds to a perturbation growing at its terminalHaan, 1989a This is the case of greatest interest for high-
bubble velocity (Davies and Taylor, 1950; Layzer, 1955; gain ICF capsules. In this regime, the primary nonlinearity is
Bakeret al, 1980, a transition from exponential growth in time to linear growth
vg=(Fgn)Y2, (6-39) in time for those modes that exceed an amplitude

whereF is a dimensionless constant that depends only on the 2 A

shape of the perturbation. As derived by Layzef)¥? S(k)= — ~<1/2—)(0.1>\). (6-40
=1/(67)¥2=0.23 in 2D and 0.36 in 3D for an axisymmetric kxw XL

bubble. If we define the transition into the nonlinear regime o o o

to occur when the growth in the fundamental mode is re- This criterion, which is valid in 3D when a full spectrum
duced by 10%, then from Eq6-34 we havez, /A~0.1, of' mgdes is present, is a ggnerali;ation of the single-mode
which is the widely used threshold for nonlinearity given by Cfiterion of Layzer(1955, which is given above. The factor

Layzer. N2y, compared to the single-mode saturation criterion, ac-
When more than one mode is initially present, the mode&0unts for the number of similar modes abduthat can
become coupled in the nonlinear reginfgerdon et al, contribute to the saturation of modke including a density-

1982; Dahlburg and Gardner, 1990; Gamalyal, 1990; of-states factor with periodic boundary conditions of length

Haan, 1991; Ofeet al, 1992, leading to the appearance of XL - In amplitude or physical space, this correction occurs
“beat” modesk; = ki . At second order, this can be written as because a wave packet with small but finite spectral width
: cannot be distinguished over short distances from a single

M=k, =+ 2 (ki kp) 7 M (6-39  mode ak. We expect saturation to occur at roughly the same

amplitude in both cases, or when the amplitude of each spec-

This mode coupling causes a redistribution of a multimode[ : o
: ral component of the multimode case is given by the Haan
perturbation to longer and shorter wavelengths and affects

. L= Criterion. Except for this transition to growth linear in time,
the saturation of individual modes. . )
. . all of the modes in a full spectrum of perturbations for most
Shocks and convergence effects modify the model given. . ) . o .
single-shell high-gain ICF capsules with realistic surface fin-

above. When the drive first turns on, an initial strong shockIshes can be treated as growing independently. The ampli-

s Iaunghed 'through the foil during cgmpres§ion..The ShOCl%ude generated by a full spectrum of modes with random
T“.’T‘t wil typlcglly be de'zformed,. bearing the |mpr|nt of any hases can then be calculated by taking an rms sum over all
initial surface imperfections. This perturbed or rippled shockfnodes_ The best estimates of these effects require the use of

front is dynamically similar to the RM instability. As the . . . .
shock travels through the foil, material behind the shock deJetaled numerical simulations to calculate the growth fac

. - : tors for a large number of individual modes.
velops a lateral velocity component, initially moving mate- o . . .
. ) ' L For quantitative application to a spherical implosion, we
rial from regions where the foil was thinnénitial perturba- ' . .
. . . . define the spherical harmonic modes as
tion valley) towards regions where the foil was thicker
(initial perturbation peak causing the areal density modula-
tion to increase. Howevgr, the shape of the s.hock front is not Rim(t)= f dQ i (Q)R(Q1), (6-41)
constant, but evolves with timgMunro, 1989; Endcet al,
1995 and can cause the areal density modulation to decrease
or even reverse phase if the foil is thick enough compared twhereR((},t) is the radius at solid angl@ and timet, and
the perturbation wavelength. After the shock breaks out the'};, is the complex conjugate of them spherical harmonic.
undriven side of the foil, a rarefaction also perturbed in spacénitial surface characterization is used to deternfiyg(0).
returns to the ablation front, and the compressed foil accel- Numerical simulations of one mode at a time throughout
erates as a unit. During the ablative acceleration phase, cothe linear regime are used to defiRET‘](t), the amplitude to
vergence introduces a different threshold for nonlinear efwhich model would have grown if the evolution were en-
fects due to a decrease of perturbation wavelertbfiian, tirely linear. This quantity is directly proportional &®,,,(0),
19893 and because of thin shell effectMcCrory etal,  with the proportionality factor determined from the simula-
1981; Verdoret al, 1982; Bakeet al, 1987. There can also tion. These simulations capture all of the effects of the initial
be a change in perturbation amplitude due to the combinatioshock phase and spherical convergence effects on the mode
of convergence and compressibiliffdattori et al, 1986. growth. Sufficient simulations are run to interpolate to all
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contributing modes. Given the set of quantitR&(t), we (@
determine whether the spectrum is nonlinear by comparing
RIN(t) to

Im

S(1)=2R/1?, (6-42

whereR is the mean radius. If any mod&m(t) have am-
plitude larger tharg(l), they are replaced with an estimated
nonlinear amplitude. That is,

Rin(t) if Rib(t)<S(),

Backlighter
beam(s)

Backlighter disk

Through hole

Rm(t)= i ; .
O s mRI0ISHY it RiS0>S0)
. (6-43 CH(B) foil
If R:'r’;](t) grows exponentially, this construction gives growth : _
. o : . . . Filters
linear in time at large amplitude, with the generalization of
the bubble terminal velocity given in E¢6-25 appropriate Vx.ray imager

for a full spectrum of modes. The mix amplitude at any time
of interest is determined from the rms sum of the modes,

(b) _
Backlighter
beam(s)

a’(t)= LE |Rim(t)[2~ R—2 fock|R|m|de
4 15 27 Jo Ag backlighter

1-mil Be soft
x-ray shield

Vg

1
= — — 2 -
477,[[R(Q) RO] dQ. (6 44) Drive
beams

The bubble amplitude is taken to h&c, and the spike
amplitude to be (¥ A)v2o, whereA is the Atwood number
(Youngs, 1984

Haan has developed a second-order mode coupling
theory(Haan, 199] that can be used to determine when this
approximation breaks down. As discussed below, this theory _ iy
is in generally good agreement with experiments that impose Beamfootprinte b v4 diam

multiple initial modes on samples and look at the growth of apertures
X-ray imager

sum and difference modes. These results confirm that modc

coupllng IS not Important for most cases of interest MNEG. 6-5. (a) Modulated planar CKBr) foils or modulated CKGe) capsules

indirect-drive ICF. were mounted on the hohlraum walb) The cylindrically convergent ex-
periment was mounted perpendicular to the hohlraum axis.

D. Experimental configuration and measurement

techniques This geometry allows diagnostic access and superior control

The dominant source for the total perturbation growthof the shell’'s inner surface during target fabrication, although
and subsequent mixing is the growth of outer surface perturguestions arise concerning edge effects and implosion sym-
bations during the acceleration phase. The perturbations imetry.
areal density can be precisely measured by radiography in The experimental configuration for the indirect-drive
planar geometryGrun et al, 1987; Kilkenny, 1990; Rem- planar experiments using a shaped, low-adiabat drive is il-
ington et al, 1991; Glendinninget al, 1992; Remington lustrated in Fig. 6-5. Surface perturbations are molded onto
et al, 1992; Dimonte and Remington, 1993; Hamreehl, one side of a planar 75Qum diameter CKBr) foil
1993; Remingtoret al, 1993; Hammeet al, 1994; Hammel (CsoH47Br, ;) of densityp=1.26 gm/cri. This material was
et al, 1994a; Remingtoret al., 1994; Marinaket al, 1995; chosen for most of the RT experimentKilkenny, 1990;
Remingtoret al,, 1995; Marinaket al,, 1998 for both direct- Remingtonet al, 1991; Remingtonet al, 1992; Dimonte
drive and indirect-drive RT instability and RM instability. and Remington, 1993; Hammaedt al, 1993; Remington
Relatively few experiments to study convergent RT instabil-et al, 1993; Hammelet al, 1994; Hammelet al, 1994a;
ity have been performed because of the difficulty in diagno-Remingtonet al, 1994; Marinaket al, 1995; Remington
sis. Some experiments have been carried out in which a plat al, 1995; Marinaket al, 1998 because it behaves in a
nar foil is replaced by a sphere with perturbations on onevay similar to ablators in high gain capsules in which both
hemispherdCherfilset al,, 1999; Glendinninget al, 2000. ablation and density gradient effects are important in deter-
The growth of perturbations on the surface of the sphere camining the growth of the RT instability. The foil is mounted
be measured by using radiography through the sphere. Thaeross a hole in the wall of a 30Q@m long, 1600um di-
integral effect of outer surface growth, feedthrough, and in-ameter Au cylindrical hohlraum with the perturbations facing
ner surface growth can be measured in cylindrical implosioninwards, as shown in Fig. 6. The foil is diagnosed by
experimentgHsing et al, 1997; Hsing and Hoffman, 1997 radiography with an 80@m diameter spot of x rays created
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FIG. 6-6. (Color) Experiments on planar targets have allowed quantitative evaluation of the growth of RT instability in the presence of radiation(ablation.
Face-on streaked images provide a 1D history of the time variation in the spatial distribution of the x-ray backlighter transmission througinbtée® pert
sample(b) Side-on gated images provide a 2D record of the spatial distribution of the perturbgd)f8ide-on streaked images provide a record of the foil
position as a function of time.

by irradiating a disk of Rh, Mo, Ag, or S@epending on the doped CH has the highest level of ablation stabilization and
experiment with one or two Nova beams. The modulations the least growth.

in foil areal density cause modulations in the transmitted The setup for spherical experiment€herfils et al,
backlighter x-ray flux, which are recorded as a function 0f1999; Glendinninget al, 2000 was identical to that for the
time with either gatedBudil et al., 1996 (FXI) or streaked planar experiments, with the foil replaced by a modulated
x-ray imaging diagnostics. Typical images are shown in FigGe-doped plastic capsule. This was a 50t diameter,
6-6. Table VI-1 shows the various laser energies, modulatio€H(1.3% Ge capsule with a 50—-5@am thick wall, mounted
amplitudes, wavelengths, and backlighters for the planar exn the hole in the hohlraum wall. This is the same type of
periments discussed below. This table also shows the resultapsule used in the HEP4 experiments discussed in the Sec.
of experiments with fluorosiliconéFS) and undoped CH. VII. The side of the capsule towards the drive had sinusoidal
The FS foils had the largest growth of the materials usedsurface modulations, 7&m wavelength and 2..xm initial
approaching NIF-like growth factors with shaped pulses. Unamplitude. In both of these categories of experiments, the
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TABLE VI —1. Planar geometry experimental details, including the fundamental wavelength, initial amplitude,
mean foil thickness, laser energy, and backlighter material. The maximum observed and predicted growth
factors are given in the last two columns.

Perturbation  Initial Foil
Foil wavelength amplitude thickness Observed Calculated
material ~ Drive N (um) 70 (um) (um) E asefkJ) Backlighter growth growth

Single-mode perturbations

CH(Br) Shaped 100 2.4 48 16.1 Rh 3.8 5.8
CH(Br) Shaped 70 2.4 50 18.5 Rh 6.5 7.3
CH(Br) Shaped 50 0.42 57 17.4 Mo 19.9 24.0
CH(Br) Shaped 30 1.5 53 15.1 Rh 7.2 9.7
FS Shaped 50 4.5 57.5 19.3 Rh 6 4
FS Shaped 50 0.8 56.0 16.6 Rh 22 20
FS Shaped 50 0.16 65.5 16.7 Rh 75 75
FS Ins Sq. 50 2.2 28 Dy 2.9 2.8
CH Ins Sq. 50 2.5 28 Dy 1.7 1.9
Two-mode perturbations
CH(Br) Shaped 75 1.8 54 17.3 Rh 3.7 3.9
50 1.8 4.7 6.2
Eight-mode perturbations
CH(Br) Shaped 180 —0.294 50 171 Rh —-8.2 -79
90 -0.277 7.7 11.8
60 -0.315 15.6 22.3
45 —0.316 25.7 32.7
36 0.232 11.4 18.1
30 0.183 —37.8 —34.2
25.7 0.133 —-30.0 —43.0
22.5 —0.059 —38.2 43.0

hole on the back wall of the hohlraum was covered with 100yolystyrene (1.4 g/cth vs 1.0 g/cmd), and calculations
wum thick CH to prevent Au from obscuring the backlighter showed that this density mismatch did not cause significant
X rays. RT growth. A 60 mg/cri microcellular triacrylate foam
The experiment geometry for the cylindrical implosions (C,sH,,0) was placed inside the shell to provide a back-
(Hsinget al, 1997; Hsing and Hoffman, 199% also shown  pressure as the cylinder imploded. The foam had a cell size
in Fig. 6-5b). The hohlraum had an inside length of 2750 of about 1 to 3um and was shorter than the cylinder to
um and an inside diameter of 16Q0m. A cylindrical poly-  minimize opacity to the backlighter. On each end of the cyl-
styrene tube was mounted orthogonal to the hohlraum axisnder, a 400um diameter circular aperture made of 2
This orientation allows a direct line-of-sight to the diagnos-thick Au concentric with the cylinder axis provided a center-
tics, avoids interference with laser beams, and avoids radiang fiducial for each frame on the pinhole camera. The cyl-
tion flow into the ends of the cylinder, which can occur in ajnder was viewed along its axis with a time-resolved gated
cylinder oriented along the hohlraum axis. A 25 Be foil x-ray pinhole camer&GXI) (Kilkenny et al,, 1988.
was placed between the backlighter and cylinder to filter out  The instrumental spatial resolution is expressed as the
soft x rays and prevent light reflected from the backlighterpoint spread function (PSH. The PSF for the
from entering the cylinder. The outer diameter of the cylindermagnification-22 grazing incidence Wer x-ray microscope
was tapered toward the center, allowing the central region ofEllis et al, 1990 used for the streaked imager experiments
the cylinder to implode before the ends, minimizing edgeis given by(Moraleset al., 1995
effects. The central 40@m long region of the cylinder had
perturbations machined on the outer surface in a dodecagon Ryi(x)=e "o (6-45)
shape(fundamental mode numben=12). A 4 um thick,
;?guﬁg] tf|1c()angce(lj’:tcer:'lOcr)?sttﬁ/(;ezslilgﬁﬁc;b)shielllt f‘ﬁljassh ?/:/Eiit%ectjhe with o=6.7+1.4 um. In one experiment, a different section
L k of the optic was used with resolution given by
shell’s inner surface. The belt served as a marker layer, be-
cause it was opaque to the x-ray backlighter, whereas the
polystyrene cylinder was relatively transparent except late in
time. Because the marker layer was on the inner surface of
the cylinder and had no perturbations initially, any perturba-
tions observed indicate feedthrough of the initial outer-with «, o1, and,o, given by 0.22, 3.5, and 18m, respec-
surface perturbations to the inner surface. The marker laydively. The resolution for both framing cameré&sX| and
had a density relatively close to that of the unchlorinatedGXl) is given by

1
Rwa(X) = m(e_X/Ul+ ae ¥2), (6-46)
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Time (ns) FIG. 6-8. Foil trajectory for the planar geometry experiments. The plotting

symbols represent the measured position of the rear eide away from
FIG. 6-7. (Colon) Drive history for the three laser pulse shapes used in thesdhe x-ray drive of the foil as a function of time. The two pulse shapes used
experiments. The total laser power as a function of time for the drive beam£0r planar geometry experiments are represented as PS23 andse835g.
is shown (left axis) in each casdthe backlighter power history is not 6-5). The error bars arise from the uncertainties in defining the edge. The

shown. The corresponding x-ray blackbody temperature is also shown fosolid curves are the results of 1D LASNEX simulations. Note that the rear
each pulsdright axis. edge of the foil does not start to move until after shock breaks out.

E. Instability experiments in planar geometry

Rec(X) = 17a (e*XZ’zaiJr age V) (6-47 Figure 6-9 shows typical streaked data, from a single-
0 mode face-on planar experimeffRemingtonet al, 1995
with ag=0.05um, a;=3.6 um, anda,=28.8um. with A=100um, 7y=2.4um initial perturbation on a 48-

The low-adiabat laser drives used in these experimentam-thick CH(Br) foil. The image is shown in Fig. 6¢9),
are shown in Fig. 6-7. They were generated by focusing eigheaind profiles of modulations in optical deptAOD
0.351 um, 2—3 kJ, temporally shaped Nova beams into the= —In(exposure) at early, intermediate, and late times are
Au hohlraum. The total power for each of the four drives isgiven in Fig. 6-9b). The real components of the Fourier
shown. The x-ray drives were measured with an array ofransform for the threeAOD profiles are shown in Fig.
time-resolved x-ray diodes and are also shown in Fig. 6-7. 6-9(c). At early time, only thexn,; fundamental modéfirst

The trajectory is a measure of the gross hydrodynamicsharmonig exists, while at late time, higher Fourier
In planar geometry, the trajectory was measured by viewindharmonics—up to the fifth—are observed, forming the
across the foil. The trajectory of the convergent cylinder isbubble and spike shape of the top lineout in Fig.(6}9
given by the average radius of the cylinder in each image, Figure 6-10 shows the results of wavelength scaling ex-
and that of the sphere is determined by the wavelength as@eriments (Remington etal, 1995 with single-mode
function of time. The trajectories are reproduced very wellCH(Br) foils for the two different x-ray drives. For these
with LASNEX (Zimmerman and Kruer, 1975imulations  single-mode h=1) experiments, the wavelengths investi-
and are shown in Fig. 6-8. The error bars represent the urgated were\ =30, 50, 70(for PS23 only, and 100um. The
certainty in defining the edge of the foil. plotting symbols represent the experimental results for the

(b) (c)

CH(Br, 5
y= (108 um Nonlinear regime} 0.3 —cI) 2 g g ::
15 =2.4um t y
o H Spike 'g O00.2ns
1.0 / g 02— Higher harmonics
§ A W(shape change)
£
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5 gorm ¢
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FIG. 6-9. Various representations are shown for the single-mode face-on data$atG0 um, 7,= 2.4 um perturbation imposed on a 48n thick CHBr)

foil. (a) The “raw” streaked image is shown as film density. The film response is removed using a calibrated exposure across a precision “P20" optical density
wedge.(b) Profiles ofA (optical depth ~ A In(exposure) are shown at 0.2 ns, 2.2 ns, and 4.2chhe real components of the Fourier transforms are given

for the three profiles shown ib). Note that at late time, the perturbation enters the nonlinear regime, and up to the fifth harmonic of the perturbation Fourier
composition is observed.
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FIG. 6-10.(Color Results of the wavelength scaling experimestagle modé (a) A =100um, (b) A =70 um (for the PS23 drive only (c) A\=50 um, and
(d) A=30um.

fundamental mode(circles and the second harmonic shows a large amplitude two-mode perturbation given by

(squares The error bars represent the standard deviation ok,=75um and \3=50um, with 7,=73=2 um. Figure

the ensemble formed by treating each individual period o®6-11(b) shows a small-amplitude eight-mode € 8) pertur-

the perturbations as independent data. The growth factdration given byx,=(180 um)/n, n=1-8.

(GP) is defined as the ratio of peak to initial contrast. Inthese  The resulting time dependence of the modulations for

experiments, GF varied from 4 to 20. the two-mode experiment is shown in Figs. Gd2and
The curves in Fig. 6-10 represent the corresponding reé-12b), along with the corresponding LASNEX simulations.

sults from 2D LASNEX simulations after convolving the The presence of the coupled modes in the two-mode experi-

simulated image exposure with the appropriate instrumentahent, arising as the modulations enter the nonlinear regime,

resolution function. The 10@m data with the PS23 drive do is correctly predicted by LASNEX. Had only a single mode

not agree with the simulation, although the 10® data with  been initially present, the simulations would have predicted

PS35 drive do. Data obtained with the Wéo optic had a quite different behavior. The eight-mode results are also

larger uncertainty in the PSF determination than that obshown in Figs. 6-1&)—6-12j), and again the effects of

tained with the FXI. mode coupling are apparent.
In the 2D multimode planar experimen{®emington The second-order perturbation model can be quantita-
etal, 1993; Remingtonet al, 1994; Remingtonetal, tively applied to the eight-mode experiment, using

1995, the initial perturbations investigated were of the form
7(X) ==, 7, coskX), wherek,=2/\,,. The multimode
perturbatlons investigated are shown in Fig. 6-11. The modes 1 1
. : : et 2K S a2 S gt 6-48
are harmonics of the longest repeating pattern. Figure(@-11 W~ 1t 2 k Mo Tk~ 5 N Me—yr | (6-48)
k' k' <k

(a) Two modes (b) Eight modes An = (180pm)/n,

Composite (actual perturbation) Ny, = 0.06 —0.32 pm FIG. 6-11. The multimode perturba-
n=1—38 tion patterns investigated are shown.
(@ The curves correspond to,
=75um, mu,=2um (dashed, \;
=50um, 73=2um (dotted, and
their superpositior{solid), which rep-
resents the actual perturbatiofiChe
actual measured amplitudes weyg
=1.8um.) (b) The 8-mode perturba-
tion is given by the solid curve and
| | corresponds to the sum of wavelengths
20 180 Ap=(180 um)/n, n=1-8.

Perturbation ( m)
Perturbation ( um)
N

ol

0 150 300
Position (pm) Position (um)

Downloaded 20 Mar 2011 to 69.181.48.121. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



454 Phys. Plasmas, Vol. 11, No. 2, February 2004
(a) 2 mode,k, and k3 (b) 2 mode, coupled modes
4
@ 0.50| — — LASNEX R
E === LASNEX, no coupling ” ’ 0.2}
NI W
g o 0
el [o]
20025 o> o
= q
3 o ks (A =75um) . —03 @ Kg+ Ko (L =30 um)
L —0.50— gk, (2=50um) MR B ky— kp (L = 150 pm)
| | 1 | | | | |
0 1 2 3 4 —0% 1 2 3 4
t(ns) t(ns)

(c) 8 mode, kq (A = 180 um)

(d) 8 mode, Kk (A = 90um)

a8 02 Data 0
: * t t
g t >
= .
§ 0 —0.2- ——LASNEX .
- R I LY
2 ~ = = = No coupling A
3 v *
2 o1 —04 2nd order .
| | | | | 1 1 | | 1
0 1 2 3 4 5 0 1 2 3 4 5
t(ns) t(ns)

(e) kg (A = 60 um)

Fourier coefficients

-0.2

(f) kg (A =45um)

High preheat -

| | | | |
i 2 3
t(ns)

(h) kg (A =30 um)

2 o0 =
c
2 3
S
s ]
8 02— v £
Q
8 '
: '
S 04| -
| | | | |
0 2 3
t(ns)
(9) ks (A = 36 um)
0.2
pu]
=}
g
5
T 01
Q
&
5
£ o
L3
| | | | |
0 1 2 3 4 5
t (ns)t
iy k7 (A = 25.7 um)
” -*
® 01— -
"E ,
Q ,
8 T ’
T 0|
] J_ * ¢ 4\\
& ¢
3 01
[
I I | | I
0 1 2 3 4 5

Fourier coefficients

.

t (ns)

() kg (0 = 22.5 pm)

Lindl et al.

FIG. 6-12. The time dependence for the two- and eight-
mode data.(a) The open circles represeRt (the N
=75um component of the pre-existing perturbajion
and the open squares correspondjdthe A=50 um
component of the perturbatipfor the 2-mode foil.(b)

The solid circles correspond to thkg+k,, A=30 um
coupled term, and the solid squares to #e-k,, A
=150 um coupled term. The smooth solid curves are
the results of 2D LASNEX simulations for this two-
mode foil, and the dashed curves correspond to assum-
ing that only one of the two initial perturbations was
present at a time. Iric)—(j), the growth of modes,,
=(180 wm)/n is shown vs time, whera=1 to 8. The
thin curves for modeg,, kg, andk; correspond to the
results of a weakly nonlinear, second-order perturbation
theory. The long dashed curve for maklecorresponds

to a simulation with assumed enhanced preheat in the
foot of the drive.

by summing over the couplings from all pairs of modesperturbations, which remain in the linear regime. Tﬁbﬁ(t)

whose sum or difference equals tkeof interest. They

are then obtained by scaling by the ratio of actual to the

represent spatial amplitudes defined from the LASNEXIlinear initial amplitude. The results from this perturbation
simulations by dividing the modulations in areal density byanalysis are shown by the dotted curves in Fig. 6-12tfor

the foil peak density. For eachy, in the eight-mode foil, 2D

<3.7 ns. Beyond this time, the central assumption of the

LASNEX simulations are run for very small initial amplitude model (dominant modes not affected by the coupling terms
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(a) (b)

FIG. 6-13. Images from the 3D single-
mode Nova experiments are shown in
(a)—(c). The perturbations correspond
to (a8 2D A=50um, 7,=2.5um, (b)
3D k=3k,: A=53um, A,
=158um, 7y=2.4um, and(c) 3D
ke=ky, A=Ny=71um, Mo
=2.7pum.

is violated, and the model is no longer applicable. In eachplitudes corresponding to the fundamental mode are ex-
case, second-order perturbation theory predicts the phase reacted. The results for the evolution of the fundamental
versals. mode are shown in Fig. 6-14. Thg=k, square 3D mode
The behavior of a 3D perturbation is different from that grows the largest, the =50 um 2D mode grows the least,
of a 2D one. Perturbations of the same wave nunjker and thek,= 3k, stretched 3D mode falls in between. Simu-
=(k§+ ki)l’2 can have different shape and evolve differentlylations of the same mode structure with identical drive and
in the nonlinear phase while having the same linear-regimsample thickness are also shown in Fig. 6-14, showing that
RT growth rate. Single-mode experimer{idarinak et al,  the most symmetric shapes grow the fastest.
1995 were used to examine the effect of mode shape on An actual ICF capsule will have a full spectrum of 3D
growth. The foils were made from molds formed by lasermodes growing simultaneously and interacting through mode
ablation of a Kapton substratBTIS Document, 1994eThe  coupling. To approach this situation, an experim@marinak
perturbed foils all had the same magnitude wave velgtbr et al, 1998 was performed with the PS35 drive and a foil
=(k)2(+ ks)l’2 and nominally the same amplitude. The “2D” modulated with a locally random, isotropic perturbation,
foil (1D wave vectok=k,) was a simplex=50 um sinu-  shown in Fig. 6-15. Perturbations on this foil span nearly a
soid with initial amplitudeny,=2.5 um. One of the “3D”  decade in Fourier space. Because weakly nonlinear mode
foils [2D wave vectork=(k,,k,)] corresponded to a coupling occurs over a bubble width, the short length scale
“stretched” k,= 3k, perturbation, and the other was a squarerandom variation in the perturbations sets conditions for
ky=k, mode. Images from the Nova shots at 4.3 ns, which isoubble formation and saturation. Over the largest transverse
near peak growth, are shown in Fig. 6-13. The gated x-rayength scales of the system, the pattern possesses reflection
pinhole camera for these images was run &t Bhagnifica- symmetry; each 15Qum square is symmetric about its
tion with 10 um pinholes, and 15Qum Be filtering. The boundaries. The length scale of the reflection symmetry is
backlighter was Sc at 4.3 keV. too long for the lowest modes to determine weakly nonlinear
Each image from the Nova shots was reduced to modusaturation of the bubbles. The pattern is continued on the foil
lation in optical depth. The experiments were simulated withfor an extra half-period beyond the 3@0n square that de-
the 3D radiation-hydrodynamics code HYDRMarinak  fines the fundamental wavelength. This enabled rigorous
et al, 1996. The images are Fourier analyzed, and the amireatment of the boundary conditions in the code simulation.
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(a) Data

e
o
I

Fourier amplitude

(b) Calculation k

FIG. 6-15. Contours of the designed initial 3D multimode pattern shown on
a 300 um square. Darkest regions correspond to greatest foil thickness.

The average diameter of the bubbles at 6 ns is aboutrb0
corresponding to the wavelength at the peak of the growth
factor spectrum. The simulated radiograph from the HYDRA
calculation at 6.0 ns is shown in Fig. 6<bf The quantita-
tive comparison of the Fourier spectra with the data is shown
in Fig. 6-17. The simulation quantitatively matches the mea-
sured evolution of the spectrum.

The onset of nonlinear saturation as predicted by
HYDRA is well estimated by the Haan model given in Eq.
(6-40. Perturbation amplitudes obtained from the simulation
exceed K,/2x. ) (\,/10) over a broad range by 6 ns, but are

t(ns) much less tham\,/10. Thus the collective nonlinearity ob-

served in the experiment, seen by the presence of the broad
Ff-ﬁ?‘é‘e‘-CE?)Imzis‘;'grgff;t‘?h‘z"ggtkion lff(tsr‘;ig“;?jz;“;a' ;“k"d(eo F;:”er bubbles, is occurring for individual mode amplitudes much
2qugr:}s and 2D)\p: 50 um (solid tria;gleé perturbations’. 'Fhe cénngcting smaller than 10% of the Wavelength.
lines are meant only to guide the ey®) Predicted Fourier amplitude of
In(exposurg from 3D simulations for the evolution of four different pertur-
bation shapes all with the same magnitllld@(k§+ k§) Y2 wave vector, for
drive conditions slightly different from those @&). The most symmetric In the cylindrical geometry(Hsing et al, 1997; Hsing
(kc=ky) mode is predicted to grow the largest, the 2B-50um mode  anq Hoffman, 199) the central 40Qum section of the cyl-
grows the least, and the 3D stretched cases fall in between, in agreement . . .
with the experiments. inder had perturbations machined on the outer surface in a

dodecagon shap@undamental mode numben=12), with

a peak-to-valley modulation of @m. Figure 6-18 shows a
The specified surface perturbation consisted of modes of thigpical frame at 2.11 ns from the imploding cylinder. The
form coskx)cosk,y), where K, ,k,)=2m(m,n)/x_ with m=12 perturbation is clearly observed in the image. The
(m,n)=(0-12,0-12) andy, =300 um. The total rms of perturbation amplitude grows in time, and the wavelength is
the pattern was measured by contact radiography to be 0.&&en to decrease as the radius decreases. According to calcu-
pum. lations, the ablation front has not yet burned through to the
The simulation of this experiment predicts a period ofmarker layer, so the existence of an obserred12 feature
substantial linear-regime RT growth, followed by the usualis due to feedthrough of the initial perturbation to the marker
formation of broad bubbles and spikes. Figure §al6hows layer. The tips of the dodecagon have grown into spikes at
an experimental image obtained at 6.0 ns. Under the influthe ablation front. Figure 6-19 shows the results of a Fourier
ence of mode coupling, the pattern has evolved into broadnalysis of a contour at the outer edge at about the 50%
bubbles in close packing surrounded by narrow, interconexposure level. Mode 12 has a value oft1®xm, which is
necting spike sheets with local spike maxima occurring at tha factor of 2.9-0.6 greater than its initial value. At
intersections of spike sheets, similar to the bubble and spike2.30 ns, just about the time that the deceleration phase
sheets from the single wavelength experiments of Fig. 6-13egins, the Fourier analysis of the outer edge gives an 11.5

0.2 —

Fourier amplitude

0.1 —

F. Instability experiments in convergent geometry
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FIG. 6-16. (a) Experimental radiograph of the 3D mul-
timode foil at 6.0 ns. Darkest regions correspond to
greatest foil thicknesgspikes. (b) Simulated radio-
graph at 6.0 ns, which includes the diagnostic resolu-
tion. Gray scales fofa) and(b) cover the same change
in optical depth.

| L [N
0 50 100 150 200 250 300

distance (um)

um amplitude, and for the inner edge, a @2m, m  about as Jdr, essentially arises from conservation of mass
=12 amplitude, or an attenuation of 0.18. Using attenuationvithin the perturbed layer as it converges. Using values of
equal to e X for a Rayleigh-Taylor mode, k  andr in the center of the marker layer from the 1D simula-
=0.12um" ! for mode 12 at a radius o 100um, and a  tion and normalizing the amplitude to Jm at 2.11 ns, the
marker layer thickness from the simulation &dfy=17 um  resultant growth is plotted in Fig. 6-19).

results in an attenuation of 0.14, consistent with the measure- The spherical experimentsCherfils etal, 1999;
ment. Glendinninget al, 2000 produced the images shown in Fig.

Mode 0 is the average diameter of the cylinder, and thé-20. The perturbation was a square patch>3380um.
radius vs time derived from this is shown in Fig. 649
The positions are correctly predicted by simulations using
the 1D radiation hydrodynamics code HYADHESarsen,
1990. The m=4 seen in the data is the result of radiation
asymmetry.

During deceleration, the inner surface becomes RT un-
stable and perturbations on the inside surface grow without
ablative stabilization. In the frame in Fig. 6-18 at 2.72 ns,
visible spikes protrude into the core. This is due to the Bell—-
PlessetBell, 1951; Plesset, 195%rowth, which includes a
purely geometric effect. The growth can be estimated by
considering a compressible fluid without acceleration. The
amplitude change, which in cylindrical geometry varies

0.030 H | | | -
0.025 |- B ,—— {=6.0ns—
® ---t=52
| A ,l--..l t = 4.4
0.020 = - = Initial

0.015—

0.010—

0.005 [—

RMS Fourier amplitude/mode

0.000 1

ijid

Mode number (300 pm square)

o
(4]
-
o

FIG. 6-17. Fourier spectra of (exposurg vs time for the 3D multimode

foil. The curves are from the HYDRA 3D simulations and include the effect FIG. 6-18. () An outer contour of the cylindrical implosion experiment

of finite instrumental resolution. The symbols are results from analyzing thetaken at 50% peak exposure, superposed over an x-ray image taken at 2.11
experimental radiograph. ns.(b) Cylinder at 2.72 ns.
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FIG. 6-19.(a) The measured outer and inner diameters of the tracer layer in
the cylindrical experiment as a function of time compared with the trajec-
tories from a HYADES calculationb) The Fourier modal amplitudes as a
function of time. The value pf is superposed. Cylindrical modes grow at
this rate purely from convergence effects.

The shock driven by ablation reaches the interior of the cap-
sule wall at 1.4 ns. As the hemisphere accelerates from 1.5 to
2.25 ns, it also converges by over a factor of 2, as seen by the
shrinking of the wavelength shown in Fig. 6¢2L The ex-
periment was simulated with the 2D radiation hydrodynam-
ics code FCI2(Buresi et al, 1986; Busquet, 1993 The
simulations of the wavelength with FCI2 are also shown in
Fig. 6-21(a).

Figure 6-21b) shows the Fourier analysis of the data.
The peak observed growth factor of optical depth modulation
is about 6, and the modulation shows that it has entered the
nonlinear regime with the appearance of the second har-
monic. The dramatic drop in modulation after 2 ns is due
partly to the drop in instrument MTF as the wavelength de-
creases, partly to the motional blurring as the velocity in-
creases, and partly to nonlinear saturation of the growth of
the fundamental. The FCI2 simulations, post-processed to
include the radiography and diagnostic resolution, correctly
predict the wavelength and amplitude as a function of time.
The light curves are coefficients of the Fourier transform ofFIG. 6-20. Radiographs of a capsule with=70 um perturbations, at
the spatial amplitude extracted from the simulations, based -5 1.80. 1.99, 2.18, and 2.24 ns.
on an isodensity contour at the perturbed ablation front.

2.18 ns

224 ns

mately proportional to the product of the radiation tempera-
ture and the ratio of the shell radius to its thickness, the shell

In indirect-drive ICF, the achievable implosion velocity, aspect ratio. In the linear phase of Rayleigh—Taylor instabil-
which determines the minimum ignition energy, is approxi-ity, which dominates indirect drive ignition capsules, the to-

G. Summary of planar and convergent RT instability
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(a) the existing perturbations in Fourier space, which in physical
space results in a change in the perturbation shape. The
bubbles become broader and flatter and the spikes narrower.
- In general there is excellent agreement between the simula-
tions and experiments. However, a small but systematic dis-
crepancy exists between simulations and experiments, with
- the simulations showing slightly larger growth than ob-
served. This could be caused by greater than expected pre-
heat in the foot of the drive, a less compressible equation of
20 |- — state for CHBr), or a degraded instrumental modulation
transfer function.
Single-mode experiments very clearly indicate the differ-
ot ! | | ! = ences in growth between 2D and 3D perturbation shape. Axi-
0.0 0.5 10 15 2.0 25 symmetric 3D bubbles grow the largest, consistent with a
Time (ns) simple buoyancy vs drag argument, with third-order pertur-
bation theory, and with full 3D radiation-hydrodynamics
(b) simulations. The evolution of a pattern with a full spectrum
of 3D modulations, including the range of modes predicted
T | = 20 to be most dangerous for ignition capsules, was measured.
This pattern grew into the weakly nonlinear regime and
evolved into round, closely packed bubbles separated by nar-
row, interconnecting spike sheets, correctly simulated with
the 3D radiation-hydrodynamics code HYDRA. The experi-
ment and simulation demonstrated that collective nonlinear-
ity occurs in the multimode target when individual mode
amplitudes are close to values from the Haan model, much
less than the saturation amplitude for a single mode.
Radiation-driven cylindrical and spherical convergent
experiments were also performed. In the cylindrically con-
‘i' 0 vergent experiments, we observed the RT instability seeded
1 1 by feedthrough from the outer surface to the inner surface
0.0 0.5 1.0 15 20 25 and the presence of Bell-Plesset growth during the stagna-
Time (ns) tion phase. Spherical experiments showed the onset of non-

_ _ o linearity, in agreement with numerical simulations.
FIG. 6-21. (a) Wavelength determined from the images in Fig. 6-18 as a
function of time. (b) Modulation amplitude of the fundamental and first
harmonic for the radiographs and simulated radiographs, and simulatey||. IMPLOSION EXPERIMENTS
modulation at the ablation front.
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A. Introduction to implosion experiments

The indirect-drive implosion experiments in the Hydro-

tal growth of perturbations is a strongly increasing functiondynamic Equivalent Physid$IEP) program, were developed
of the shell aspect ratio. The analytic theory of linear RTas integral tests of drive, pulse shaping, symmetry, and hy-
growth in the presence of ablation has advanced to the poirdrodynamic instability. Some early implosion experiments
that there is excellent agreement between detailed numericBHEP1 and HEPBhad key implosion diagnostic develop-
calculations and analytic theory. Calculation of a full spec-ment objectives as well as target physics objectives. The later
trum of modes into the weakly nonlinear regime in sphericalexperiments(HEP4 and HEPp carried out on Nova and
geometry still requires the use of detailed numerical modelsOmega were designed to have a NIF-like hohlraum-to-

An extensive series of experiments and simulations ta@apsule-size ratio and instability growth similar to that ex-
examine the growth of single modes over a range of wavepected on NIF. The HEP4 experiments were limited to con-
lengths, as well as the effect of multiple modes on perturbavergence ratios o€<10 while the HEP5 goal was to get
tion growth, has been carried out. For single modes, the pegood capsule performance at as large a convergence as pos-
turbation evolves prior to shock breakout due to the rippledsible with the symmetry achievable on the experimental fa-
shock dynamics. After shock breakout, the perturbationgility being used. The goal in both cases was to develop
grow rapidly with time in the linear regime and saturate inconfidence in the computational capability to model the re-
the nonlinear regime, with the appearance of higher harmorsults so that projections of NIF performance could be tested.
ics. For the multimode foils, the individual modes grow in- HEP1 was initiated as an experimental series designed to
dependently in the linear regime. In the nonlinear regime, thelevelop quantitative neutron diagnostics for inferring fuel
modes become coupled and tke-k; terms are clearly ob- density and mix from measurements of fuel areal densiy
served, in agreement with simulations and second-order peand the secondary neutron spectrum. However, the density of
turbation theory. Mode coupling leads to a redistribution 0f20—40 g/cm specified in the HEP1 goal could only be met
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with capsules that had a convergence of greater than 20, (a) 20-nm rms surface finish
where convergence is defined as the initial outer ablator ra-
dius divided by the final fuel radius. Achieving this objective
required the precision Nova improvements to power and en-
ergy balance discussed in Sec. I. Also, the HEP1 experiments
(Cableet al,, 1994 achieved better symmetry because they
utilized a smaller capsule relative to the hohlraum size than Glass —
planned for NIF. This results in reduced time-dependent D,
asymmetry variations, because of the shorter laser pulses re- 25-200 atm
quired for the smaller capsule, and increases geometric hohl-
raum smoothing. These experiments achieved a hot fuel den- 90 um
sity of 20 g/cni, the analog of the hot spot in NIF capsules.
These experiments also achieved a density of 150 to
200 g/cnt in the material surrounding and compressing the
hot fuel, the analog of the dense cold fuel in the NIF targets. —
Both of these densities were the highest achieved in the

Nova experiments. The comparable NIF densities, as dis-

cussed in Sec. II, are 70 to 100 gf&im the hot spot and 900

to 1200 g/cm in the surrounding cold fuel. (b)

The goal of HEP3 was to develop x-ray spectroscopy as
a technique for measuring the effects of hydrodynamic insta-
bility on implosions. The HEP3 implosion®ittrich et al,
1994 used constant power 1 ns pulses and the experimental
goals required implosions that did not pose a serious chal-
lenge to Nova’s power and energy balance. The targets were
low-growth (perturbations grew by a factor-of-abouty,10
low-convergence@< 10) plastic capsules with a multimode
spectrum of initial surface perturbations.

The key implosions of the indirect-drive ignition pro- Laser beams
gram(HEP4/HEP} are intended to be an integral test of the
effects of short-wavelength hydrodynamic instability growth
combined with long-wavelength variations in x-ray flux.

The capsules in these experiments have been designeddp,s can pe quantitatively explained by pusher—fuel mix
have 4 to 5e-foldings of Ra.ylelgh—TayIm(RT)'|qstab|l!ty and low-order capsule asymmetries.
growth. For Nova capsule sizes and surface finish, this level
of RT growth results in mix penetration comparable to that
predicted for NIF capsules. B. HEP1 experiments: Development of quantitative

To be as NIF-like as possible, these experiments utilizedieutron diagnostics for fuel  pr
hohlraums which have the ratio of the hohlraum radius to the  1he HEP1 capsules were indirectly driven gas-filled mi-

capsule radius comp-arable to .that of NIF targets. This raﬁ%roballoons as shown in Fig. 7. The glass capsules were
governs the geometric smoothing of short-wavelength radiagjjjeq with D, or an equimolar DT mix. Capsule fill pressures
tion flux variations as discussed in Sec. IV. The goal of thesg§ere varied from 25 to 200 atm, which changed the capsule
experiments was to get as close to NIF convergence ratios @gnvergence for constant-drive conditions. The capsule was
was feasible given the symmetry limitations of current ex-rejatively small, with a diameter 16% of the hohlraum diam-
perimental facilities. With Nova’s basic 10-beam geometry,eter. This small capsule helps minimize radiation flux asym-
even capsules with a convergence ratio@£10 are de- metry. The short pulse required for the HEP1 experiments,
graded in yield in hohlraums with a hohlraum—to—capsule-hecause of the small capsule size, also helps minimize time-
radius ratio comparable to that planned for NIF. Current exdependent asymmetry by reducing plasma motion. Even
periments with increased convergence ratio utilize theyithout considering the symmetry benefits, a small capsule
flexible geometry of the 60-beam Omega laser. On Omegayas needed so that secondary neutrons could be used for the
convergence 10 capsules achieve near “clean 2D” yielddetermination of the imploded fuel areal density. We found
where clean 2D refers to a two-dimensio@D) integrated  that 10 Nova beam§2.1 kJ each at 0.3mm wavelength
hohlraum simulation that includes intrinsic flux asymmetrywere incident on the interior foa U hohlraum at 2
(see Sec. IY but neglects random flux asymmetry and x 10'° W/cn?. The hohlraum, shown in Fig. 7d), had a
atomic mix between the pusher and fuel. In recent experidiameter of 160Qum and length of 250(«m with a pair of
ments, convergence-22 HEP5 capsule performance ob200um diameter laser entrance holé&H). Use of a glass
Omega approaches 40% of clean 2D yield. Most of the pershell ad a U hohlraum minimizes the x-ray preheating of
formance degradation in these higher convergence implahe capsule.

U hohlraum \

2500 um

FIG. 7-1. (a) Capsule andb) hohlraum geometry used for HEP1.
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300

Sec. VIC, and then adding the saturated mode amplitudes in
quadrature. With mode saturation applied, most of the
quadrature sum of amplitudes at bang time comes ffom
<20 for either fill pressure. The growth is almost the same
for both fill pressures over this range of modes.

The burn-averaged fuel density and capsule convergence
were determined by measuring the burn-averaged fuel areal
density pR=[jep(r)dr. If p is uniform, then p
=po(pR/poRo)*? thus, a determination gfR gives bothp
and R. The fuel convergenc€- is defined as the ratio of
initial outer ablator radiu®,q to the final fuel radiufk. The
uniform-p assumption gives a slight underestimate of the ac-
tual convergence and density since the actual density must
increase with radius as the temperature decreases for an ap-
..-‘ | proximately isobaric fuel configuration. From simulations,
00 1 20 this correction represents about a 15% effect in the average

t (ns) density for the 25 atm capsules and about a 25% effect in the
100 atm capsules.
FIG. 7-2. Observed laser powy , hohlraum temperatur€, , and neutron FuelpR is determined from the secondary-neutron spec-
production rateR, for 100 atm DT-filled HEP1 capsules. trum (Gamalii et al, 1975; Blue and Harris, 1981; Azechi
et al, 1986; Cableet al,, 1986; Cable and Hatchett, 1987
This technique relies on the observation of 12 to 17 MeV

The x-ray drive was measured using the Dante diagnossecondary neutrons produced via the D(JfHe reaction in
tic, described in Sec. 1V, looking into the hohlraum at bothan initially pure D, fuel. The 1.01 MeV T nuclei, or tritons,
directly illuminated laser spots and the indirectly illuminated are produced in the primary fusion reaction DPDT. If the
wall (Kornblum et al,, 1986; observed spectra were nearly tritons do not slow significantly as they traverse the fuel,
Planckian. Figure 7-2 shows the measured laser p&yer then the fraction of tritons producing secondary neutrons is
the corresponding brightness temperature of the x-ray driveroportional to the fuepR. For the fuel conditions in the
T,, and the neutron production rai,. Pulse shaping is HEP1 implosionglow temperature with mixed pusher mate-
required to limit pusher entropy generation by shocks and teial), pR values above a few mg/cénause significant triton
keep the pusher dense during inward acceleration. slowing, and corrections must be made for the energy depen-

The small capsule and short pulse help minimize, but dalence of the D(Th)*He cross sectiofiLindl, 19980. Since
not eliminate, the intrinsic hohlraum asymmetry for thesethe cross section rises with decreasing triton energy, this cor-
experiments. The time varying wall albedo and spot motiorrection typically results in @R value lower than that calcu-
result in a time variation oP, with a peak value of 8% even lated for the case of little slowing. The secondary-neutron
though the time-average is near zero. Random variations ianergy spectrum is measured with an array of neutron time-
beam power balance and pointing also contribute to asymef-flight detectors referred to as a large neutron scintillator
metry. The precision Nova improvemer{f$TIS Document, array(LaNSA) (Nelson and Cable, 1992Figure 7-3 shows
19944, discussed in Sec. |, made it possible to maintain tol-a spectrum obtained by summing all the 25 atm capsule data;
erances of 8%-rms beam-to-beam power balance during thee figure also shows the spectrum obtained from calcula-
foot of the laser pulse and 4% power balance during theions of these implosions with the Haan mix model.
peak. Pointing tolerance i 30 um rms. This control gives Observed fuel areal densities, which ranged up to
a power balance on the capsule, from viewfactor simulations]6 mg/cn?, resulted in the densities and convergences plot-
that is uniform to within 2% rms at peak power and 4% inted in Fig. 7-4. For this figure, observed values were aver-
the foot. aged over several implosiofisvo at 200 atm, six at 100 atm,

Convergence and peak compression are affected by thend 10 at 25 atim and the errors were dominated by statis-
RT instability at the pusher—fuel interface. Calculations showtics related to the number of observed secondary neutrons.
that perturbations on the interface are primarily seeded b¥rigure 7-4(a) shows that the observed convergence @nd
the feedthrough of growing perturbations at the ablationdensity vs capsule fill pressure values are consistent with or
front, which in turn are seeded by initial ablator surface-better than those expected from simulations if the effects of
finish perturbations. Haan's multimode, weakly nonlinearpusher—fuel mixing are included. Early HEP1 experiments
mix model (Haan, 1989g discussed in Sec. VIC, was ap- demonstrated that the precision Nova improvements were
plied to calculations of the implosions of the 25 and 100 atnrequired to achieve the high convergence ratios indicated in
fill capsules. Growth factorgédefined as final amplitude at Fig. 7-4. Without the precision Nova improvements, ob-
pusher—fuel interface divided by initial amplitude at ablatorserved convergence decreased as the initial fill was de-
surface are calculated in the linear regime at a numbel of creased. The calculations labeled “clean 1D” do not include
modes. The rms depth of mix penetration is calculated bynix and assume perfect spherical symmetry. Pusher—fuel
multiplying the initial surface-finish mode spectrum by the mixing introduces two important effects: mixing of highér-
growth factors, applying the saturation model described irmatter into the fuel enhances the triton slowing, and mixing

w

Rn (10" neutrons/ns)

200 —

PL (TW); Traq (eV)

-
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FIG. 7-3. Secondary-neutron energy spectrum measured with array of neu
tron time-of-flight detector§LaNSA). Observed is sum of spectra from all

25 atm HEP1 capsules. The shape of the neutron spectrum is well-matche x o
with the Haan mix model.
20 : &
of fuel outward into the pusher decreases the fuel conver-
gence. Secondary-neutron spectroscopy allows us to quanti
these effects since the secondary-neutron energy spectrum : -
dependent on the rate of triton slowing. Figure 7-3 shows g O
that the calculated and observed secondary spectra are 8
good agreement, which further validates the mix modeling. E 10 |- =l

==

ty (g/cm?)

Calculated clean 1-D
C. HEP3 experiments: Spectroscopic diagnosis of

pusher—fuel mix in low-growth-factor implosions Calculated with Haan mix model

The HEP3 series of Nova experiments used plastic-

20 @

Observed
shelled capsules. A typical capsule shell in the experiment
had a 420um inside diameter and a 5&m thick wall, and o
consisted of three layers as shown in Fig. 7-5. The inner 9 00 24
layer was about 3um thick and consisted of polystyrene Fill pressure (atm)

doped with 1.0 at. % CI. The middle layer was auh thick

permeation barrier made of polyvinyl alcoh@VA), which

sealed in the fuel gas. An outer layer of plasma polymelFIG. 7-4. (Color) Observed and calculated) convergence antb) density

(CH1.3) was deposited over the inner Iaye(rlsetts et al, vs capsule fill pressure for the HEP1 experimeqts. The experimental mea-

1981 forming the ablator. The capsule interior was filled surements and ca]culaﬁons 01'c convergence are in good agreemgnt. Density,
: . 7" expressed as equivalent DT fill even when the capsule has a puik 3

with 50 atm B, and doped with 0.1 atm Ar. The Cl tracer in proportional to the cube of the convergence ratio and is highly sensitive to

the shell and Ar in the fuel are spectroscopic tracefauer  errors in the measurement.

et al, 1991; Keaneet al,, 1993; Hammelet al., 19944 for

x-ray radiographic imaging and spectroscopy of the im-

ploded core. The capsules had relatively low convergeriabout 8§

All 10 beams of the Nova laser were used to indirectlyand had considerably less sensitivity to growth of surface
drive the imploding capsules. A square pulse of laser lighperturbations compared to that predicted for the NIF. The
with duration of 1 ns heated the Au cylindrical hohlraum implosions were designed with low convergence and short
with nominally 17 kJ of laser energy. The hohlraum had apulse lengths so that asymmetries in the x-ray drive would
diameter of 160Qum and length of 275@:m with a pair of  have little impact on the implosions.

1200 um diameter laser entrance holes. A peak radiation  To make capsules with various degrees of surface rough-
temperature of 230 eV was reached. ness, many polystyrene beads, ranging in diameter from 0.6

S0-05-0E95- 156 phin
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Diagnosis of enhanced pusher—fuel mix due to these sur-
face perturbations was performed primarily by looking at the
variation with roughness of the Ar and Cl dopant x-ray self-
AR = 55 um emission (Hammel et al, 1993a. The Cl x-ray emission
from the dense shell or pusher surrounding the fuel, is ex-

PiA= X pected to increase relative to the x-ray emission of the fuel
CH+1%Cl 50 atm (+Ar) dopant, Ar, as the surface roughness is increased. In the tem-
perature and density regime of this experimental series, the
variation of x-ray line radiation from these dopants is-
strongly dependent on temperature. During the implosion,
P dV work heats the fuel and the Ar, but the Cl is heated via
conduction enhanced by mixing of the fuel and the surround-
ing shell. To track the dynamics of the mix region, the x-ray
emission was monitored by means of a crystal spectrometer
FIG. 7-5. (Color) Schematic of the capsules used in the HEP3 experimentscoupled to an x-ray streak camera. This diagnostic had a

temporal resolution of about 30 ps and a spectral resolving

power (\/S\)=~700 (Hammelet al,, 1990.
to 7 um, were embedded in the PVA layer. When the ablator ~ Figures 7-7a) and 7-7b) show the observed and simu-
layer was deposited onto this rough PVA surface, the perturated spectra at peak x-ray emission for the implosion of a
bations were imprinted on the outer surface as shown in Figsmooth(0.03 um rmg capsule. Very little Cl Lyer emission,
7-6(a). This approach to varying the surface roughness waselative to Ar Ly, is evident in either of these spectra. The
used prior to the development of the more precise laser susimulations indicate that 6% of the total Cl mass has reached
face ablation technique used in the HEP4 experiments.  at least 600 eV. The simulated Ly-satellite line strengths,

Atomic force microscope(AFM) (NTIS Document, on the low-energy side of the Lg-lines, differ from those
1994 equatorial traces were taken of capsules from the capsbserved, and the large absorption feature evident in Fig.
sule production runs used for these experiments. The equd-7(b) at 2.75 to 2.80 keV is probably due to errors in cal-
torial AFM traces are converted to power spectra and comeulating the opacity of the Cl He-line in the colder plastic
bined to form ensemble averages. By assuming that theway from the pusher—fuel interface. Figures (@7and
surface bumpiness is isotropic, these 1D average power spet-7(d) show the spectra from an intermediate-roughness
tra are transformed into 2[Bpherical surfaggoower spectra  (0.31 um rms capsule. In this case, the Lyemission from

r=220um

(NTIS Document, 1994c both the Cl and Ar is comparable in strength, and 10% of the
1 % total Cl masgqaccording to simulationshas reached at least
Poo()=] I+ E) > [Pip(N)—Pip(n+2)] 600 eV. Figures 7<#&) and 7-7f) show _the spectra from a
=lI+2 very rough(1.75 um rmg capsule. In this case, the ClI ly-
(n+ 1)1 (n—1—1)I! emission is stronger than the Ar Ly-emission, and 15% of

(7-1)  the simulated total Cl mass has reached at least 600 eV. The

simulations show that between the smooth and rough surface
where| is the perturbation mode numbe?; is the 1D  capsules, the Cl Lyx emission increased by 350% but the Ar
power spectrum an@,p is the 2D power spectrum. Figure Ly-« emission decreased by only 30%.

(n=H(n+1+21)1°

7-6(b) shows 2D(spherical surfagepower spectra of cap- The temporal history of the emission also differs be-
sules with rms=0.03, 0.31, and 1.7m. tween the smooth and bumpy capsules. For the smooth cap-
(@) scanning electron microscope (o) 1°° L B AL R

(SEM) image of “bumpy-ball”
target surface 6 = 1.7 um

Rough surface

T T TTTT
L1 1111

10*
FIG. 7-6. (a) Scanning electron micro-
scope(SEM) image of “bumpy-ball”
target with a target surfaceo
=1.7um. (b) The 2D (spherical sur-
face power spectra characterizing the
outer surface of three representative
HEP3 capsules with rms0.03, 0.31,
and 1.70um.

Medium
rough surface

102
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10°
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sule, the Ar emission is strong and starts early while the Cbbtained from the Haan mix model using the growth-factor
emission is weak and starts later, when electron conductiospectrum calculated for the different implosions. A typical
from the fuel region heats up the pusher. For the mosintrinsic surface roughness power spectrum from a nominally
strongly perturbed capsules, the Ar and Cl emission come osmooth Nova capsule was used for these calculations. The
almost at the same time with weaker Ar emission and Stl’OI’lgray lines with constant slope correspond to the absence of

ger Cl emission. saturated growth. The departure from constant slope for each
black curve is the result of growth saturation. As discussed in
D. Nova HEP4 experiments: Diagnosis of pusher—fuel Sec. Il, ignition for NIF will require that the final mix am-
mix and capsule performance in high-growth- plitude not exceed about one-third of the converged capsule
factor implosions with convergence ~ C<10 radius. This criterion is equivalent to a yield reduction of 1/3

The HEP4 experiments use plastic capsules with a migto 1/2 for nonigniting target designs suc_h as those used in
Z dopant to suppress preheat, as well as a shaped laser puls#=P4- If there were no growth saturation, NIF capsules
These changes, relative to the HEP3 capsules, result in ttgould need to be smoother by a factor of 2—-3. The HEP4
implosion of denser, thinner shells, which more efficiently @xperiments were designed to span both sides of the satura-
couple kinetic energy into compression. The peak calculatelion threshold by varying initial surface roughness from 0.01
hydrodynamic instability growth factor of about 100 is #m rms upward. A specific goal of the HEP4 campaign was
within about onee-folding of that expected for NIF capsules. to test the validity of the growth-saturation model. Although

Figure 7-8 shows the mix amplitudes vs surface rougha 1D atomic mix model has proved successful in interpreting
ness calculated using the Haan mix model for the low-many features of ICF implosions, the shell material in 2D
growth-factor HEP3 implosions, the Nova HEP4 implosions,and 3D calculations of the effect of perturbations feeding
and the anticipated NIF conditions. These mix widths arehrough the shell is not physically mixed with the fuel, as the
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1 ] 1 LILLILAL
1.00 - / CH + Ge (1.3% atomic])
- 265 m
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3 | -
B CH (+0.07
g ﬁ erpms. o Fuf';;ﬁ:‘ﬁ it atomic % Tiin
g0 224 um « 2 spectroscopy
=R »
% g‘ RALOC win experiments)
Beo
20
E v 010 —
o® = -
E2 [ Nova HEP4 Nova HEP3 .
x ® L (GF = 110) (GF =10) .
= _
| — Llnear growth 20-03-0985- 20060003
— Saturation model FIG. 7-9. (Color) Cross section of a typical capsule design for the HEP4
0.01 Y e T campaign. For spectroscopy experiments, the inner CH shell had a Ti dop-

0.01 0.10 1.00 ant. The B fuel was diluted with H to limit the yield in order to avoid

saturation of the LANSA neutron detector array.
Initlal rms roughness (um)

FIG. 7-8. Calculated mix amplitud@ormalized to fuel radius at peak neu-
tron emission timevs initial surface roughness. Starting from the right, the diffusion barrier for the fuel. The fuel consists of 25 atm
three curves correspond to the low-growth HEP3 design, the higher-growtidgch of D and H doped with 0.05 at. % Ar. Dilution of the
HEP4 design, and the NIF design. Black and gray curves correspond t ith H ’ t d th t ield i
calculations with and without growth saturation, respectively. The section of~ 2 wi 2 Was nece_ssary 0 reduce the neutron yield in
the NIF curve above a normalized mix amplitude of 0.33 corresponds to los@rder to avoid saturation in the secondary-neutron detector.
of ignition for the baseline ignition capsule discussed in Sec. II. Figure 7-10 shows the initial shell optical depth vs photon
energy and demonstrates, for example, that 1.3 at. % Ge
e L . doubles the initial capsule optical depth above the Ge (
term mix usually implies. Instead, the pusher.—fuel Inter- =2) bound-free absorption edge at 1.2 keV. Simulations us-
face consists of well-developed bupbles and §p|kes that p.eri1ﬁg the measured photon flux above 1.2 keV indicate that
gggéfsthe gglsar}(ieornandsf[l;ebliiigzzziCtlvzgd Norehgjser dsatusrﬁ:ﬁguch shielding reduces the entropy of the inner-shell surface
. ' y . . relative to the undoped case by 20% before the first shock
feedthrough” result in small amplitudes for very-short- : . : -
wavelenath perturbations. The arowth-factor for lon _arrives at 1 ns. The Ar serves as a noninvasive emission
gth p . " 9 _ong diagnostic of electron temperature and electron density and
wavelength features is relatively small. Because of this COM-t e spatial profile of the fuel during the burn phase. The
bination of effects, as discussed in Sec. Il on NIF target X . :
.nAr and Ti concentrations are calculated to be low enough
fhat they do not appreciably affect the implosion hydrody-

the |mplo'3|on phasg are typically in modes15 to 30' For namics of these moderate convergef®e10 capsules.
perturbations in this wave-number range, as discussed in

Sec. Il, the heat loss from the fuel to the surrounding dense
shell is essentially the same for a 1D atomic mix model as o
for a 2D or 3D multimode calculation with the same depth
perturbed region. However, some features of the implosion
require detailed modeling of the interface, and the effects of
long-wavelength perturbations with<10 are not well ap-
proximated by atomic mix. With recent increases in com-
puter speed and memory, it is now routine to directly model
the full spectrum of modes that affect ICF implosions in 2D.
It is now possible to cover a wide range of modes in 3D |
calculations, including both long-wavelength asymmetry ef-
fects and shorter-wavelength instability effects in an inte-
grated 3D calculation. Both 2D and 3D calculations have
been used in the modeling of the HEP4 experiments.

Figure 7-9 shows the cross section of a typical capsule
used in the HEP4 experiments. The ablator is plasma- 0 | |
polymerized plastic (Cldy), typically 39 um thick, and is 1 2 3
doped(Cook et al., 1994 with up to 3 at. % Br or Ge. The Energy (keV)

inner few microns of the shell consist of a CH mandrel’FIG. 7-10. Initial capsule ablator opacity vs photon energy fop&8thick

doped Wit_h 0.07% Ti for the_ SpECtrO_SCOPY experiments. A 3,ndoped plastic ablators and for #Bn thick ablators doped with either 1.3
um polyvinyl alcohol (PVA) intermediate layer serves as a at. % Ge or 1.9 at. % Br.

epth

T
10 |-

/ 45 um, 1.3 at.% Ge

45 um, 1.9 at.% Br

Optical
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The RT seeding is provided by preroughening the cap- 3 @
sule surface by UV laser ablatidhNTIS Document, 1994e
of 200 randomly distributed 7m diameter pits of equal Flux at capsule
depths. This process yields a continuous distribution of per- —0-2
turbation wave numbers. The surface roughness is quantifie
by averaging a series of circumferential depth profiles ob-
tained by atomic force microscopy. The profiles are Fourier-
transformed to yield 1D power spectra, which are found to
be in excellent agreement with spectra predicted by a mode
assuming randomly located pits of the measured shape. B
assuming that the surface bumpiness is isotropic, these 1[
average power spectra are transformed into (8pherical
surface power spectra as discussed for HEP3. These spectr.
serve as input to simulations of instability growth. The sur-
face roughness is defined to be the square root of the ]
summed power spectra, expressed as a rms roughness. F 150
the purposes of defining roughness, the lowest-order mode ®)
(1<<10), which grow the least, are not included. The baseline Measured shock trajectory \
capsule has an rms surface perturbation of 175 A on both its °,
inner and outer surfaces, corresponding to the best capsule
available for Nova experiments. In addition to the baseline

. . = 100 [

capsule, capsules with outer-surface rms perturbations of 0.1E
0.2, 0.4, and 1.um were fielded(The inner surface was not =
modified and was assumed to have a surface finish of 175 Ag
equivalent to the outer surface of an unmodified cappule. E’

The capsules are mounted in the center of a 2460 S
long, 1600um diameter Au hohlraum with 120@m diam- 50 |-
eter LEHs on each end. A hohlraum of pentagonal cross sec
tion was used to avoid line focusing of reflected laser light
onto the capsule surface, as is observed with cylindrical
hohlraums. X-ray and optical measurements indicate thai
such line foci reach irradiances of ¥0n/cn? over the first 0 | | |
200 ps, which could seed RT-unstable perturbations of simi- 0 1 2 3
lar magnitude to some of the smaller-amplitude ablated pits. t (ns)

The soft x-ray drive was generated by irradiating the
inner hohlraum walls with all 10 beams having the “preci- FIG. 7-11. (a) Measured absorbed laser power and measured soft x-ray flux

: » ; ; : (plotted as a blackbody flux temperatufer the Nova HEP4 experiments
sion Nova’ accuracy described earlier. Figure Kal:ShOWS from absolutely calibrated filtered diode arrdyante. (b) Measured shock

the absorbed power(accounting for measured time- ajectory in Al wedge and corresponding predicted trajectory based on the
dependent SRS and SBS laser backsgaftem a ramped x-ray drive in(a).

five-to-one contrast ratio pulse shaff&s26, chosen to pro-
vide reduced shock preheating which approximates ignition-
scale drive. The average x-ray flux at the capsule, plotted ithem an important source of preheating of the inner shell.
Fig. 7-11@) as a blackbody flux temperature, was inferredTheir fractional contribution to the total drive at the capsule
from filtered, time-resolved, multichannéDante measure- (shown in Fig. 7-12was determined from a solid-angle av-
ments of x-ray re-emission from the hohlraum walls. Mea-erage formed by combining the Dante localized absolute flux
surements were performed on both laser-irradiated and unimeasurements with 2D spatially resolved x-ray images of the
radiated walls. The drive was independently inferred fromhohlraum wall. The error bars represent only Dante uncer-
simultaneous UV shock breakout measuremékeuffman  tainties; the assumption of an optically thick Lambertian
et al, 1995 using Al wedgeqFig. 7-11b)] as described in source for the harder x rays may result in an additional
Sec. 1V; the results are in good agreement with simulationgactor-of-2 underestimate of their fraction. However, simula-
based on the measured drive shown in Fig. @1The peak tions show that admitting a total factor-of-3 underestimate in
drive temperature was 2377 eV. The uncertainty in drive is hard x-ray fraction will decrease yields for 1.3 at. % Ge-
primarily a systematic uncertainty due to calibration uncer-doped capsules by only 30%.
tainty in the Dante channels. The implosions are diagnosed by primary and secondary
Harder x rays from the high-temperature, low-density Auneutron yields(Cable and Hatchett, 1987neutron produc-
laser plasmasprincipally Aun=4 ton=3 andn=5 ton tion times(Lercheet al, 1993, time-resolved x-ray imaging
=3 transitions between 2 and 4 keWlirectly heated by the (Kilkenny, 1991, and time-resolved x-ray spectroscopy of
laser beams are also present. Figure 7-10 shows that the abacer dopants in the shell and fu&ampbell, 1991; Ham-
lator optical depth is only 1 to 2 for these x rays, makingmel et al, 1994a; Keaneet al, 1994; Keaneet al, 1995;

N

-h

PS26 drive

Absorbed P, (1013w)

\ Calculated

trajectory
based on
drive shown
in(a)
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FIG. 7-12. Estimated 2—4 keV flux on the Nova HEP4 capsule as a fractionF.IG' 7'.13' Mt_easured.and calculated pnméﬂp) neutron yields from 1D .
simulations without mix or asymmetry vs doping for smooth capsules. Solid

of total x-ray power. Error bars represent only the uncertainty in DanteIines are linear fits to data and simulations. Doping the capsules to suppress
calibration and spectral unfold; additional uncertainty in the angular distri- _ .~ ° - ; >- Doping PSule ppre
{adlatlve preheat results in denser implosions. Capsule yield increases with

bution could result in another factor-of-2 uncertainty. Capsule preheado ing as expected but absolute vields are degraded by mix and asymmetr
largely arises from photons in this region of the x-ray spectrum which come ping p y 9 Y Y Y-

from Au M-lines.

at. % Ge. The imploded cores, imaged withuih and 80 ps
resolution by gated pinhole cameras, are dominated by Ar

Keane et al, 1995a; Keaneet al, 1995b; Landenetal, free-bound emission from the doped fuel. Figure Tel4
1995. Results are compared with predictions from LASNEX shows the azimuthally averaged 50% contour diameters ex-
(Zimmerman and Kruer, 197%nd the 3D radiation hydro- tracted from such images. The average measured x-ray radii
dynamics code HYDRANTIS Document, 1995b; Marinak decrease monotonically with increasing Ge doping, with a
et al, 1995; Marinaket al, 1996. slope about 80% of that calculated from post-processed 2D

The first HEP4 implosions were used to test the behaviomtegrated hohlraum and capsule simulations of the image
of the smoothest available plastic capsules as the ablat@ize, but with an overall 30% reduction in size. Fuel areal
doping was increased. The doping decreases the prehedensities andby invoking particle conservatigrfuel con-
which results in lower entropy and a higher shell density. Invergences were also inferred from the fraction of secondary
the limit of negligible RT growth, the increase of in-flight DT reactions and the resultant secondary-neutron energy
shell density increases the coupling of shell energy into thepectrum (Cable and Hatchett, 1987measured by the
fuel (Meyer-ter-Vehn, 1982; Lindét al, 1992, resulting in  LaNSA (NTIS Document, 1994diagnostic. At all values of
increased final fuel areal density and neutron yield. Ge doping, the inferred fuel convergences from secondary

Figure 7-13 shows that the measured yield does indeedeutrons are within 10% of the values obtained from simu-
increase with Ge doping, with a slope about nearly 70% ofations. To reconcile the x-ray size discrepancy with the
that of the corresponding 1D simulations. Peak neutron proagreement in neutron-inferred convergence, we note that
duction times (2.20.1 ns) and hence implosion velocities emissivity for keV x-ray photons is sensitive to sub-keV
were kept fixed by varying the initial ablator thicknessesvariations in plasma temperature, while the secondary reac-
(from 44 um at 2 at. % Ge to 58&m for undoped ablatoyso  tion between MeV tritons and deuterons is not. Hence the
compensate for changes in initial shell density and opacityd0% overprediction in x-ray core image size shown in Fig.
when incorporating Ge in the ablator. Capsules were selectedt14(d) may be evidence that the 2D simulations without
for best surface finish 0.03um rms roughnegs The  mix, while correctly predicting the final fuel radius, overpre-
simulations used the measured drive flux and spectrum atict the plasma temperature in the outer regions of the com-
each time as baseline input, with slight modifications for pressed fuel. Such increased cooling is seen in 3D calcula-
(<10%) shot-to-shot variations in laser energy and capsul&ons that include long-wavelength variations in capsule wall
dimensions. The systematic factor-of-3-to-4 difference bethickness. Moreover, predicted H-like emission from Ti dop-
tween calculated 1D yields and measured yields for smoothnt in the inner portion of the shell was not observed during
capsules is largely reproduced by 3D calculations discussetthe spectroscopy-based series of implosions, again suggest-
below. These calculations account for intrinsic hohlrauming that the volume comprising the outer regions of the fuel
asymmetry and long-wavelength variations in capsule thickand the inside of the shell is cooler than predicted in 2D
ness. calculations.

Figure 7-14 displays 4 keV x-ray snapshots showing a  Figure 7-15 shows primary neutron yield for undoped
reduction in imploded core image size as the ablator dopingnd doped capsules vs initial surface roughness. Between
is successively increased frofa) zero to(b) 1.3 to(c) 2.7  best surface finish<0.03um rmg and 1 um rms rough-
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2 Data FIG. 7-15. Measured primary neutron yields for 1.3 at. % Ge-ddpetid
g circles and undopedopen circleg capsules vs initial rms surface rough-
© ness. As expected, the yield of the denser more unstable doped capsules, is
S more sensitive to surface roughness than the undoped capsules.
0

I I I
0 . . . .
0 1 2 3 ration (Haan, 1989nand of the higher terminal velocity of

Ge atomic fraction (%) low-density 3D fuel bubbles rising into the shell as discussed
for planar experiments in Sec. VI. The atomic mix model

FIG. 7-14. X-ray images at 4 keV of imploded cores from smooth capsulesyith the 2D saturation prescription, although not consistent
at peak emission time fdi) no doping,(b) 1.3 at. % Ge, andc) 2.7 at. %

Ge. (d) Measured(solid circles and calculatedopen circleg azimuthally

averaged diameters of 50% x-ray emission contours vs Ge doping. Solid

lines are linear fits to data and simulations. The predicted smaller size of the B T T T T T T T T T TTITT
X-ray emitting region as FIoping increa\_s_es is consi_stent with the observations B 2.D multimode At. mix (3-D
although the absolute size of the emitting cores is smaller than calculated. i \ saturation) Riumi
(2-D
k) 100 saturation)_
ness, the yields of undoped capsules drop by a factor of onlyg - 3-D 3
1.5, while those of 1.3 at. % Ge-doped capsules drop by 3= - ]
factor of 6. This finding is qualitatively consistent with the = B 2-D ]
transition from low-growth-factofabout 10 to high-growth- § i T:g",',?,‘,’,‘,’;ry " il
factor (about 110 behavior expected with doping the ablator. > « B
Moreover, there is a statistically significant factor-of-2 yield @ 10° |- \ =
degradation between doped capsules with best surface finis-g - At. mix .
and doped capsules with Oi@n rms roughness; from Fig. & C {ho saturation) ]
7-8, the latter correspond closely to the 33% mix penetration - e
depth that marks the ignition threshold in typical NIF igni- - AT. = atomic .
tion capsule designs. 107 o il
Figure 7-16 compares the averaged doped capsule yield 0.01 0.1 1.0
vs surface finish with various simulation results. The lowest Initial rms roughness (um)

curve, which represents the atomic mix model with no satu-
ration, severely overestimates the yield degradation for larg€lG. 7-16. Measured and calculated primary neutron yields for 1.3 at. %

initial surface roughness The other curves represent thge-doped capsules vs initial surface roughness. Solid circles are averaged
’ ._data points from Fig. 7-22. Solid curves are predictions from the atomic mix

Sam? model corrected for th_e different saturation behaVlolrnodel with no saturation, with 2D saturation, and with a 3D saturation
predicted for 3D or 2D multimode growtfKeane et al, prescription. The square and the triangles are predictions from 2D multi-
1995h. The 3D atomic mix model is in fairly good agree- mode simulations with and without intrinsic long-wavelength hohlraum flux

: ; onuniformities. The vertical line at the upper left-hand side represents the
ment with data at the rough end, ie., rms rothnes?ange of yields calculated by the 3D HYDRA code for a smooth capsule by

>0.2 pem. The Iarger yield degradation calculated for the 3D arying the relative orientation between low-order capsule and radiation flux
saturation model is a consequence of the later onset of satdenuniformities.
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Drive asymmetry + low mode
Drive asymmetry alone capsule distortion
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White surfaces show density iso-contours of 15 g/lem?

Temperature contrours are shown in color along the boundary
planes in units of keV

FIG. 7-17.(Color) 3D calculations of the HEP4 capsule implosions on Na@aThe distortion of an implosion due to Nova's intrinsic hohlraum radiation
asymmetry. Nova’s fivefold radiation pattern can be calculated with the 36° slice shown. Although the distortions shown are significant, theagiefiideg
from an unperturbed calculation is only about 3a4%.The enhanced distortion which results from including @ offset between the inner and outer plastic
shell surfaces, which was typical in the targets used in the HEP4 experiments, provides enough additional distortion that the temperatufiearghe signi
lowered and the yield is reduced by about an additional factor of 2. With this level of degradation, the calculated and observed yields for sneotreapsu
in agreement.

with the 3D nature of perturbation growth in the experiment,integrated hohlraum simulation. The azimuthally varyig
is included to show good agreement with 2D finely zoned=5 components of the drive asymmetry are obtained from
multimode simulationgshown as trianglgs an analytic estimate that uses a calculated time-varying al-
In the 2D multimode simulations, the 3D nature of the bedo. Contributions to asymmetry due to pointing errors and
perturbations is accounted for by adjusting the 2D surfacédeam power imbalance are not modeled. The imploded shape
power spectra so that each mode makes the same relatii®@shown in Fig. 7-1@). In this figure, thep=15 g/cn? con-
contribution to the total rms roughness as in 3D. Since 2Dour is shaded white, and the color shading represents the
simulations are carried out on a 90° quadrant of the capsulduel temperature, which reaches a peak of about 1.7 keV. The
power in odd modes is “aliased” into the adjacent eventime chosen is near the time of peak burn rate for an unper-
modes. At peak neutron emission time, the 2D simulationgurbed calculation and is also near the peak burn rate for this
show classic “bubble and spike” saturated RT growth for the3D calculation. Bubbles are rising halfway between the hohl-
dominant modes at the pusher—fuel interface for initial surraum equator and the pole, nearest the locations of the laser
face roughnesses greater than prh. The effects of low- spots. Spikes are rapidly approaching the center of the hot
mode drive nonuniformities, which distort the pusher—fuelspot near the equator. These spikes reach the center of the hot
interface, were included in some 2D multimode calculationsspot after the calculated bang time for an unperturbed,
For example, the predicted extra yield degradation due tgpherical implosion and thus have only a modest effect on
flux nonuniformities for a smooth, doped capsule is abouthe yield. The calculated yield, 1.441.0°, is equal to 59% of
30%, as shown by the square in Fig. 7-16. The remaininghat for a perfectly spherical implosion, and 92% of the yield
factor-of-2-to-3 yield discrepancy, which remains for smoothobtained when onlyn=0 terms are included.
capsules, can be largely accounted for in 3D calculations by In addition to the imposed short-wavelength surface per-
long-wavelength capsule wall thickness variations coupled tourbations and drive asymmetry, there are long-wavelength
the intrinsic hohlraum asymmetry. asymmetries associated with the fabrication of Nova cap-
In these 3D capsule-only calculations, the azimuthalsules. The surface roughness of “smooth” capsules, i.e.,
variation associated with Nova’s five laser spots on each enthose without imposed laser-ablated patterns, is quantified
of the hohlraum has a fundamental period corresponding trom a series of circumferential depth profiles recorded by
m=>5, which can be simulated over a 1/20 sphere that coveratomic force microscopy and from interferometry measure-
90° in polar angle and 36° in azimuthal angle. Time-varyingments. These techniques provide reliable measurements of
m=0 components of drive asymmetry imposed on the capthe low-mode component$<10) of intrinsic capsule asym-
sule in the HYDRA simulation are obtained from a LASNEX metry. The measurements show that the smooth capsules can
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have significant low- mode components in thickness. Inter-
ferometry indicates that B1 perturbation in the concentric-
ity of shell inner and outer surfaces ofidn peak to valley is

typical. Individually, these long-wavelength thickness varia-z6s um «

tions cause gross asymmetries in the capsule shape, but he
only a modest impact on the yield. However, the effect of
these long-wavelength perturbations can be much more si
nificant when coupled to the spikes that develop from
shorter-wavelength surface perturbations or variations fron

L

228 um
224 um

Lindl et al.

CH + 1.3% atomic Ge

g,

Gas Fill:
75 atm Hy

flux asymmetry. This coupling to other sources of long wave- + 0.05 atm Ar

length asymmetry depends upon how the very-low-mode
surface perturbations are oriented relative to the hohlraur
axis. This can lead to a stochastic variation in the experimen
tal yields as seen in the data.

Two 3D simulations were performed to compare the re-
sults of no coupling and unfavorable coupling with low
modes. For the first case—the absence of low-mode intrinsi
capsule asymmetries—the simulation included the capsule . .
intrinsic surface rouahness resulting from modes with FIG. 7-18. (Color) Cross section of a typical deuterated-shell capsule de-
In . 9 g sign. Since the gas fill is inert, all the yield arises from conduction to the
>10 only and drive asymmetry. A yield of 1.8700° was  deuterated layer making these capsules more sensitive to mix at the fuel—
produced7 shown as the top of the vertical line at (07021 pusher boundary than capsules whose yield comes from the gas fill.
rms in Fig. 7-16. In a second simulation, low-mode capsule

asymmetries were also included, giving a peak-to-valley am-

plitude typical of measured values. These modes were orrgas—filled capsules. This is principally the result of a delay in

ented so as to enhance the effect of coupling with drivethe yield from the deuterated shell, which depend_s on ther-
I conduction from the central hydrogen gas fill, rather

asymmetry. In the latter case, the spikes reached the center . . . .

the capsule 50 ps sooner than in the former case, signif{—. an occurring d|_rectly in the gas. This delay allows more

cantly cooling the hot spot shown in Fig. 7¢bY, and reduc- Ime for perturbation growth during compression. :

ing the yield to 6.0¢10°, as shown in Fig. 7-16. This calcu- Figure 7-19 shows the observed dependence of shell pri-
lation suggests that coupling between low-mode capsul ary yield on surface roughness. The implosion conditions

shell perturbations and drive asymmetry can explain much O\f\ge:]e 'dim'C?Ift? thc;so/e Iln\;[vherzgr|i_\|/2 gtasr;]flllerd ttarrgzt |rri1prl]o- dt
the variability in the yields of the smooth capsules and bringsfc:j s € (I:tfph (r)d )?r 0 Ontemin t? ne th)ﬁ anu etr ﬁsd? en 0
these simulated yields close to the experimental values. ThEAUCE Ultrahard x-ray contamination ot the neutron diagnos-

addition of low-mode intrinsic asymmetries reduces the

simulated yield for a capsule with 0.18n rms perturbations

as well. In the simulation with Zem rms perturbation am-
plitude that included drive asymmetry, the RT growth of the
multimode perturbation dominated the overall perturbation
evolution. Thus the addition of low mode intrinsic perturba-
tions has a relatively small effect on the yields calculated for
the roughest capsules.

The primary and secondary neutron yields are best suite(
to inferring large mix fractions. This occurs because the yield
for these capsules is dominated by the hottesntra) re-
gion, which is furthest from the pusher—fuel interface and
least affected by conduction cooling.

One technique that is in principle more sensitive to shell E‘
perturbations is measurement of the neutron yields from cap.E
sules with deuterated shells and an inert gas(@hrien %
et al, 1998. Figure 7-18 shows a cross section of the cap-
sule design. The only differences with respect to the usual
capsule shown in Fig. 7-9 are a 75 atm fifl, which has the
same fuel mass as the 50 atm-EH, fill shown in Fig. 7-9
and a 4um thick deuterated polystyrene inner shell. Simu-giG, 7-19. Measured and calculated primary yields for 1.3 at. % Ge-doped
lations predict a similar fuel convergence for the 75 atgn H deuterated-shell capsules vs initial surface roughness. Solid circles are the
filled capsule, despite the 50% higher atomic number densityd,ata With indicated experimental u_ncertainties. Th_e middle and _top curves
because of a lower value of fuel entromer atom in the are_predlctlons from the_lD .at0m|c mix model witk€1) and without .

. . . o (a=0) enhanced heat diffusion. The lower curve and squares are predic-
implosion of this capsule. In addition, peak growth factorsijons from 2D single-model € 24) and multimodel=2, 4, 6,..., 48 simu-
are predicted to be a factor-of-2 higher than for the-Bi, lations.

At. mix (« = 0)
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n yield
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tics measuring the low yields. The yield remains nearly con
stant with increasing surface roughness up to @B and
finally falls for rougher surfaces. Figure 7-19 shows predic-
tions of 2D multimode (=2, 4, 6,..., 48 and single-mode
(I=24) calculations, which are in good agreement with the
data. The simpler single-mode simulations assume that a
the roughness is concentrated in a dominant mode. The pr
dicted yields fall rapidly at about 0.4m rms roughness, at
which point the increased heat losses to the deuterated lay
are insufficient to raise or even maintain the temperature
because of the reduced compressional heating of the gas. The
peak Compressional heating power in the implosion of a ca __IG.‘7-‘20. (Color) Shown is the HEP4 hohlraum geometry with multicone

. . irradiation used on the Omega laser. Cone 1 enters hohlraum at 22°, cone 2
sule with 1 um rms roughness is only 72% of the unper- 42°, and cone 3 at 58°.
turbed value. The simulations indicate shell breakup for cap-
sules above 0.4um rms roughness.

Figure 7-19 also shows the results of calculations usingated for a 1D implosion in hohlraums with NIF-like case-
the atomic mix model with and without the enhanced thermato-capsule ratios and capsules with convergence ratibg,
conductivity across the mix regidfas described in Sec.)ll  some form of time-dependent flux asymmetry control, as
The deuterated shells are quite sensitive to heat flow in thevell as improved azimuthal symmetry control, are required.
mix region since all the yield comes from there. The 1D mix ~ For hohlraum experiments, Ome(foureset al, 1996
model with enhanced heat conduction matches the data fairlyas four times the number of beams available on Nova, and
well, while the model without mix-enhanced heat conductionthe beams can be arranged in a NIF-like multicone geometry.
is far from the experiments. Since all beams on Omega are constrained to have identical

The HEP3 implosions successfully utilized x-ray spec-pulse shapes, the beam phasing planned for NIF is not a
troscopy as a technique for diagnosing the effects of RT incurrent option on Omega, but the symmetry is still signifi-
stability on the pusher—fuel interface. This technique wasantly improved compared to Nova. The HEP4 experiments
further explored for the moderate-growth-factor HEP4 im-were repeated to take advantage of this improved symmetry.
plosions which used an inner layer of Ti dopant in the shellThese experiments achieve yields near those calculated for a
and Ar dopant in the fuel for the target shown in Fig. 7-9. 1D implosion. Experiments have also been carried out on

Line emission was modele.angeret al, 1997 using  Omega with convergences exceeding 20.

LASNEX, to obtain the temperature and density of the im-  The hohlraums used on Omega were 1600 diameter
ploding capsule, and the atomic kinetics code CRETINand 2500um length with 1200um diameter laser-entrance-
(Scott and Mayle, 1994was used in both 1D and 2D. How- holes, the same dimensions as the HEP4 hohlraums used on
ever, this technique had limited utility for the HEP4 experi- Nova. All of the hohlraums were made withw2n Au on 100
ments. For smooth or rough capsule surfaces, the emission jgan CH backing for structural support. These thin-walled
rather weak in one or the other of the two spectral lines ohohlraums allow direct high-energy x-ray imaging of the la-
interest; hence line ratios are sensitive to small variations iser spotgas discussed in Sec,)VThe pulse shape used was
conditions in the vicinity of the mix region. This leads to the five-to-one contrast laser pulse PS26, as in the Nova
ambiguous results and spectroscopic tracers have not play@{EP4 campaigrisee Fig. 7-1()]. The energy available in

a major role in the assessment of high performance implo40 beams on Omega for this 2.5 ns pulse shape was just
sions. These experimentieaneet al, 1993 and modeling under 15 kJ. This is less energy than was available on Nova
(Langeret al, 1997 are not reviewed here. but is adequate for studying the implosion dynamics. The 40
beams were divided into three rings of either five or 10
beams on each side: five beams per side at 21.4°, five beams
per side at 42°, and 10 beams per side at 58.9° relative to the

In hohlraums with NIF-like ratios of the hohlraum size hohlraum axis. The pointings of the beams were arranged to
to capsule size, the Nova laser, with only five beams per siddiave a NIF-like configuratioriLindl, 1998h with an inner
provides radiation symmetry that is inadequate for high-cone and an outer congee Fig. 7-2D This configuration
performance capsules with convergence ratios larger thawas achieved by having cone 1 (21.4°) irradiate the hohl-
about 10. Even for the convergence-10 implosions discussadum wall near the midplane of the hohlraum, and having
above, the combination of long-wavelength flux asymmetrycones 2 and 3 pointed closer to the hohlraum endcaps. For
and capsule asymmetry resulted in a yield degradation dPS26, simulations and analysis show that this cone geometry
about a factor of 4 from a spherical 1D implosion. The high-maintains good time-dependent symmetry control without
convergence HEP1 campaign on Nova, utilized a large caséhe need for beam phasindmendtet al, 1997 or beam
to-capsule ratio, and the resultant short pulse length to restaggeringTurneret al, 2000.
duce the effects of flux asymmetry. Even with these In the initial implosion campaign on Omega in 1998,
improvements, the performance of the high-convergencéour types of implosion targets were sh@t) 50 atm D, fill
HEP1 capsules was significantly degraded from 1D perforeapsules with 1.1% Ge-doped ablato¢8) 50 atm D fill
mance. To achieve a significant fraction of the yield calcu-capsules with undoped ablatof8) 10 atm D fill capsules

LY

E. Omega HEP4 and HEP5 implosions
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FIG. 7-21. (Color The 50% gated-x-ray image sizes vs neutronically in- . . .
ferred convergence for dopegolid) and undopedopen, low- (red and FIG._ 7-22_. (Color) The 50% gated-x-ray image distortiona/b) vs neu-
high- (blue) convergence targets. Simulations are represented by circles. tronically inferred convergence for dopésblid) and undopedopen), low-

(red and high-(blue) convergence targets. Simulations are represented by

circles. Gray shading indicates time- averag&t asymmetry of<2%.

with 1.1% Ge-doped ablator; artd) 10 atm B, fill capsules
with undoped capsules. All capsules were nominally ph®

outer diameter with 3Qum thick shells. In this first series with the predicted level of 4%. This result is consistent with

the fuel was doped with 0.1 atm Ar to facilitate imaging of the foamball and backlit implosion data showing acceptably

the imploded fuel shape. The undoped 50 atm targets wer%“a” levels ofa, flux asymmetry resulting from multicone

designed with slightly thicker shellé35 xm) in order to wradigtion of the hohlraum wall as discussed in Sec. V.
closely match the bang times of the doped targets. Figure 7-23 shows the measured convergences compared

Figure 7-21 shows the average radis of the 50% with predicted convergences with no mix. Except for the
gated x-ray imageéKilkenny et al, 1988 (GXI) contour vs misaligned high-convergence target, agreement is good. The

the inferred fuel convergence from secondary neutron mea-
surements. The inferred fuel convergence is obtained from
the ratio of secondaryDT) neutron yield, as recorded by a i d
time-resolved neutron sensitive scintillator array—Meduse a m] i
(Knauer et al,, 1995, to the DD neutron yield(see Sec. - 10 atm DD g
VIIB). The 50% contour has traditionally correlated well - .
with the pusher—fuel boundary on earlier 1 ns flattop pulse®@ 15 |~ 3 =]
used on NovdSuteret al, 1994. Four representative targets g :
are shown along with the predicted performance. For the
doped ablator data, the factor-of-2 decreaseajnfor the
higher-convergence targets mirrors the factor-of-2 increase i= 10 |- 3 ]
neutronic convergence. Moreover, tleg for the high- B hhyr's .
convergence doped target matches closely the simulated fug' - -
radius at bangtime. 2 50 atm DD

Figure 7-22 displays the 50% GXI distortions of the im- § B 3
ploded cores for the various targets. The distortions art
shown in terms of/b, the ratio of the principal axes of the
imploded core image as in the symmetry experiments de
scribed in Sec. V. The shaded gray region in Fig. 7-22 is
identified with a distortion that would be produced by a time- o0 a1 TR T Y
averaged flux uniformity of 2% or less. Almost all targets 0 5 10 15 20
showed satisfactory symmetry control according to this cri- Convergence (2D simulated)
terion. Adequate control 0@, Is also indicated from the FIG. 7-23.(Color) Experimental neutron convergence vs predicted neutron

implosion d_ata- The average measueeda, distortion of convergence based on 2D simulations for dosadid) and undopedopen,
the doped high-convergence targets was about 7%, comparesk- (red and high-(blue) convergence targets.

- * Misaligned target -
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FIG. 7-24.(Color) Measured neutron yield normalized to yield calculated in 0.0001 2 10 100 1000
2D without mix and including intrinsic hohlraum asymmetry with perfect
power balance and pointing accuracy vs experimental convergence fo Mode number

doped, low-(red) and high-(blue) convergence targets. FIG. 7-25. (Color) Measured 1D Fourier power spectrum of surface rough-

ness for two targeta) “Rough” is identified with target #12312green.
(b) “Smooth” with target #12330(cyan.

role of mix is to cool the fuel and thereby cause further
slowing of the tritons from their birth energy at 1.01 MeV. Figures 7-27a) and 7-27b) summarize the calculated
Because the DT cross section increases with decreasing tjield degradation for varying amounts of initial target distor-
ton energy, the ratio of secondary neutrons to primary neution in P1 andP2. The amount oP1 on each capsule was
trons may actually increase with mix, resulting in higher in-interferometrically measured along one axis, but neither con-
ferred convergence. However, simulations suggest that thgol nor selection was exercised in this initial series of im-
role of mix on convergence for the four types of targetsplosions. Although the average amountRi for the high-
considered is minimal, giving at most a few percentand low-convergence capsules was about one-third of a mi-
difference. cron, the scatter is considerable from target to target. From
Figure 7-24 shows the ratio of measured to 2D simulatedrig. 7-27a) the high-convergence target is about twice as
yields vs measured convergence. The doped lowsensitive toP1 as the lower-convergence target fBri
convergence targets performed on average nearly twice as1 um. Simulations show the clear presence of a jet of
well as the doped high-convergence capsules. The data in
both cases are grouped as shafivnboxes to indicate that
the targets in each category have nearly identical fabricatior
Figure 7-25 shows two 1D surface roughness spectr
that were measured during this initial HEP4/5 campaign or
Omega. Only two of the targets were scanned with atomic 5o
force microscopy. The analysis below assumes that this pa
of spectra brackets the true spectra for the experiments. FigE
ure 7-26 shows the calculated linear growth-factors obtaine 8
for the high- and low-convergence doped targets. For botls
low- and high-convergence targets, the peak growth factorg
exceed 100 as in the HEP4 campaign on Nova. The Iow:_ﬁ'
mode growth factors, although small, are important since thi —50
amplitudes of the low-mode-number perturbations can bG
significant, particularly forP1 andP2. In the calculations
discussed here, the effects of capsule perturbations are ¢
vided between “surface roughness” perturbations with mode
number=10 (for which 1D atomic mix of cool pusher ma-
terial and hot fuel is a reasonable approximaticamd the
longer-wavelength perturbations. For the low-convergenct —150
implosions, the effect of surface roughness gives @%9%) g4 Ak o ek B R W
yield degradation for the smoothough spectrum shown in Perturbation mode number

Fig. 7-25. The hi_gh'converger_lce implosion is predicted 101G, 7-26. (Color Calculated small-amplitude growth factors vs Legendre
have 15%(27%) yield degradation for the same spectra.  mode number for doped, lowred and high-(blue) convergence targets.
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FIG. 7-28. (Color) Calculated neutron yield degradation vs rmRd
=(Yi_ 1+ YZ,+YZ )Y laser flux for doped, low{red and high-(blue
- convergence targets.

with 5 um instrumental resolution shows a mostly round
image over a large range BfL. Thus, the image resolution is
not sufficient to distinguish the effects BfL on core distor-
tion when viewed side on.

i T i Figure 7-27Tb) shows the predicted effect of capsiie
2 | 5 on distortion and yield degradation. In contrast to the case of
3 P - E P1, modest levels oP2 can result in large observable dis-
= f..-" 1035 tortions in the imploded core when viewed transversely. The
E B L . o observed range ad/b distortions in the database from Fig.
o = d a 7-22 from about 3/5 to 5/3 help constrain the allowed levels
P T ; of capsuleP2. Based on the simulations and the demon-
§ i strated time-dependent symmetry control in the experiment,

P2 is not expected to be a major source of yield degradation.
- This conclusion is consistent with the measured levels of

O O capsuleP?2 of less than 0.2um for the two roughness spectra

I I N T Y N T T Y T O O A A ' shown in Fig. 7-25. . . .

—1.0 —05 0 0.5 1.0 For all but three shots during this early campaign, the
rms laser energy imbalance was about 8% on both the foot
and the peak of PS26. On two occasions, one beam misfired,
FIG. 7-27. (Colon (a) Predicted yield degradation vs intrinsic capsBie  resulting in a nearly 16% rms laser energy imbalance. To

distortion for doped, low{red and high-(blue) convergence targetsb) estimate the effect of random laser energy imbalance on cap-

Predicted yield degradatiotblue solid ling and 50% gated-x-ray image . . .
distortion (red dashed linevs P2 capsule distortion for high-convergence sule performance, 3D viewfactor calculations were carried

doped targets. Capsule distortion is pictorially represented at the bottom ddut. For 8% rms energy imbalance, the principal random flux
the figure. asymmetry was gP1l)y=rmqY;,-_104] Of nearly 3.8%
(2.9% on the foot(peak. LASNEX 2D simulations of a
capsule with a 3%P1) intrinsic x-ray flux asymmetry im-
colder fuel material along the symmetry axis of the hohl-posed for all time were carried out. Figure 7-28 displays the
raum, which laterally displaces the target several micronamount of degradation as a function of rms laser energy im-
from the center of the hohlraum near bang time. Fd?la  balance. The high-convergence target is more susceptible to
oriented along the axis of the hohlraum, a ring of fuel islaser energy imbalance, but the level of yield degradation is
evident in the simulations which suggests that axial x-rayonly at the 6% level. For the low-convergence target, the
imaging may enable detection of tH&l signature. Sidehole amount of yield degradation is only about 1%.
or lateral views of the imploded core show a “kidney bean” Throughout this campaign, the cone #1 beam powers ran
shape in the simulations, but post-processing of this imagabout 5% higher than average on one side while the cone #2

P, capsule distortion [um]
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50 atm DD 10 atm DD illustrates the relative importance of the degradation effects
T T R and their relevance for NIF-like mix studies. The horizontal
Flux asym. & line at 67% normalized yield indicates the amount of Omega
high-convergence yield degradati@®3%) corresponding to
0.9 |- Y Flux asym. & P . : . . ..
i T ] a 1/3 mix-penetration depth. As discussed in Sec. Il, this is
_ the largest mix penetration depth tolerable for the NIF igni-
st Y E: tion targets with a 40% ignition margin. The lower-

: R convergence HEP4 implosion targets perform well above the
NIF failure threshold. The initial high-convergence targets
oL on Omega perform close to the NIF failure threshold for
- & - pusher—fuel mix.

To incorporate several degradation effects in a single
06 A 2 calculation, two-sided integrated hohlraum calculations that
= +P2 - include left—right laser power imbalance, surface roughness-
E : induced mix, and capsulel were carried out. These simu-
05 | _ lations include the observed left—right laser power imbalance
- . of +5% (—6%) on the innermogintermediateé cones. The
effects of capsule surface roughness are incorporated using
0.4 ) Tl L 0 g atomic mix along each grid angle in the 2D simulation. The
5 10 15 20  mix depth is obtained from the Haan saturation model. A
1D Convergence capsuleP1 of 0.5um was assumed for both the higher- and
lower-convergence targets. Sensitivity of alignment of the

o i o s e Comrene i opae b CAPSUISPL wih the laserP1 was tested by reversing the
raen(ij high—(blupe) convergence targtl:t. Range of H?EP4 Nova daﬁa ié shown in>'9" of the capsuld1; . little difference wgs seen betwef-:-n
green. Horizontal blue line is calculated normalized yield for the high-the two cases. The integrated calculation for the high-
convergence target subject to 1/3 mix penetration fraction of fuel. The baseconvergence target showed a 43% yield degradation, while

line NIF ignition capsules fail to ignite with mix above this level. Solid tha low-convergence target experienced a 26% reduction.
diamonds represent cumulatigeultiplicative) effect of simulated intrinsic

flux asymmetry and random laser power imbalance. Multiplicative effects ofBOth of these integrated CaICUIat"_)nS give yl'eld.degradqthns
capsuleP1, P2 distortions and surface roughness are as indicated. somewhat larger than found by simply multiplying the indi-
vidual effects together.

In both calculational approaches, the yield degradation
beams ran about 6% lower than average on the same sider the higher-convergence target is roughly twice that of the
This systematic one-sided inner-outer cone laser power imeower-convergence target with the former target experiencing
balance is simulated using two-sided (180°) integrated hohlabout a factor-of-2 yield degradation. The predicted yield
raum calculations. For the high-convergence capsules, thisgrees with the measured yield to within 10% for the best
asymmetry results in an additional 10% yield degradation. performing target at each convergence. However, the remain-

Although the Omega geometry provides significant condng targets in this first series had poorer performance as
trol of both the intrinsic time-averaged and time-dependenshown in Fig. 7-24.
flux variations, there are some residual effects. For the The higher convergence implosions on Omega in 2000—
higher-convergence implosions, the calculated 2D yield deg2001 had better characterized and smoother capsule surfaces,
radation from intrinsic hohlraum asymmetry in the Omegaimproved laser performance and a greater assortment of cap-
multicone geometry is less than 40%, an improvement ovesule types than the initial experimerismendtet al, 2002.
the factor of 2 or more degradation calculated for a singleThe laser-power imbalance was also improved as part of an
cone geometry. Since the Omega geometry has four times awerall effort to improve the performance of the Omega laser
many beams as the Nova geometry, the contributions téor both direct- and indirect-drive capsules.
asymmetry from intrinsic azimuthal variations are expected These experiments included both capsules with and
to be significantly less. In 3D viewfactor calculations, thewithout 0.05 atm. Ar dopant in the fuel. Figure 7-30 summa-
largest flux asymmetry comes froiy, 1o, but the ampli- rizes the results of these experiments. The Ar-free capsules
tude of this mode is only 0.05%. systematically achieved more than a factor of two higher

Many of the important effects considered above can bdraction of the calculated clean yield than the capsules with
modeled in a single integrated calculation. However, a singlér dopant. Also, the Ar doped capsules show considerably
calculation incorporating all of the above effects cannot benore scatter in neutron yield independent of the rms surface
carried out at present. An estimate of the impact of multipleroughness. This implosion series included 5 atm filled
effects can be obtained by simply multiplying the individual capsules for the first time and these capsules performed at a
effects. For the low-convergence target, the effects of surfacsignificant fraction of(2D) clean yield. The effect of a 0.1
roughness, random laser power imbalance, Biidcapsule atm. Ar fill is calculated and observed to be small at 50 atm
distortion give 0.9& 0.99x0.90=0.80, or 20% total yield fill. Current calculations do not predict the large effect
degradation. The same effects for the higher-convergenoebserved for the 0.05 atm. Ar dopant for the lower fill cap-
target give 0.860.94x0.80=0.60. Figure 7-29 graphically sules and work is ongoing to understand this discrepancy.

1.0 ™

T
=<
|

+ Mix

Normalized yield

<

MNOVA
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RMS l‘(}ughnESS [l,u‘n] FIG. 7-32. Measured vs simulated instant of peak x-ray self-emission for 5
atm D,-filled capsules(open squargs 10 atm DB-filled capsules(filled

FIG. 7-30. (Colon Yield over clean(2D) DD neutron yield vs rms surface ~ Circles, and 50 atm B-filled capsulegopen circleg
roughness for 5 atrigreen and 10 atm(blue) fill with (solid squaresand
without (open squares.05 atm Ar dopant for Omega HEP5 targets fielded

in 2000-2001. A few percent error in flux would lead to about a 10% error
in the calculated yield while a 15% error in flux would lead
to about a factor of 2 error in the yield. Given the close
The following analysis focuses on the Ar free implosions. correspondence between the measured and calculated yield
Because the yield is a sensitive function of the x-rayindicated in Figs. 7-24 and 7-29, it appears that the system-
drive, a close match between measured and simulated drivaic uncertainty in DD yield due to drive uncertainty may be
is necessary for calculating absolute yields. Figure 7-38s little as 10% or less. Backscatter has not been included in
shows the measured and simulatBénte x-ray drive from  the simulation shown in Fig. 7-31. However, full-aperture
2D hohlraum simulations alongside the measured lasdpackscatter measurements @utep cones 2 and 3 show
pulseshape for a representative laser shot in the Ar-free infotal backscatter levels into tHé6 lens cones generally less
plosion campaign. There is an excellent match betweeihan 200 J; near backscatter outside of the monitoring lenses
simulated and measured drive. In Sec. IV, we concluded thds estimated to be at a similar level based on near-backscatter

over a wide range of hohlraums, we have: imaging experience on Nova. Cone 1 FABS monitoring is
not yet available on Omega but the length of hohlraum
Flux(*‘True’" ) ; e i
=1.04+0.12. plasma traversed and wall intensity is similar to cone 2 so we
Flux(LASNEX) estimate that the total backscatter would also be about 200 J.

Thus, we infer a total backscatter level of oal600 J or 4%
of the incident laser energy, corresponding tosa® eV defi-

250 prrr=rrrrrrrrrrrrrrrrr 20 cit in peak drive temperature which is within the measure-
[ ment error.
[ Measured peak x-ray emission times from the imploded
200 [ - core provide a further check on the hohlraum x-ray drive.
— [ 2 Figure 7-32 shows a comparison of the measured and simu-
E 150k S lated peak x-ray emission times for three capsujdilDpres-

m [ = sures(5, 10, 50 atm The times agree within the error bars
T) [ §D further confirms that the hohlraum drive is properly modeled
e 100F = in the calculations.

5 [ - Figure 7-33a) shows the measured DD neutron yields,
sol é normalized to calculated clean DD neutron yields from two-

dimensional(2D) integrated hohlraum simulations, versus

i o~ \ the fuel convergence which is inferred from the ratio of sec-
0 L ' b 0 ondary (DT) neutron yield to the DD neutron yield. These
0 1 2 3 . . . L

. 2D calculations only include degradation due to intrinsic

Time [ns] long-wavelength hohlraum radiation flux variations whose

FIG. 7-31. Measuredfilled squaresand simulatedsolid line) Dante drive effects were described above. Figure {@3hows that the

temperature vs time for the Omega high convergence implosions done iRO atm capsules a(_:hieve 75% of t_he yi3|d_predi0ted by this
2000-2001; laser power histofglashed—dottedvs time. “clean 2D” calculation (YoGp) while the highest conver-
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FIG. 7-33.(a) Ratio of measured primaroD) neutron yield over clean 2D .
simulated yield vs inferred fuel convergence from second@iy) neutrons 0= . k .
for 5 atm D,-filled capsulegopen squargs10 atm D-filled capsulegfilled 0 5 10 15 20
circles, and 50 atm B-filled capsulegopen circles Bold symbols denote Simulated X-ray core radius [um]

averaging over each target typd) Averaged ratio of measured primary
(DD) neutron yield to 2D simulated yield with 1D mix model vs inferred

fuel convergence from secondaT) neutrons. FIG. 7-34.(a) Measured and simulateda’b” distortion of 50% x-ray self-

emission contour vs inferred fuel convergence for 5 atyfilled capsules
(open squargs 10 atm D-filled capsules(filled circles, and 50 atm
D,-filled capsulegopen circleg simulation points are indicated in grayg)

gence targets, at 5 atm,0ill, had a mean Yog, yield near measured vs simulated average radius of 50% x-ray self-emission contour.
30%.

Figure 7-33b) shows the result of including a Haan-type
mix to the three different capsule fills. The performance of  Figure 7-34a) shows the measured distortiona/b” of
the moderate-convergence targéB) atm D) compares the 50% emission contour versus convergence obtained from
well with the predicted DD neutron yields. Other sources ofsecondary neutron measurements, wtel®) is the radius
degradation such as long-wavelength capsule nonuniformisf the 50% contour along the hohlraum waisixis). The
ties and random flux asymmetry from laser power imbal-shaded region corresponds to a time-integrated lowest-order
ances exist as in the earlier Ar-doped implosion campaigiflux asymmetry 0f<<2%. The data show effective symmetry
but are estimated to contribute less than 10% in total. For theontrol near the level required for the NIF for convergences
higher convergence targets Fig. 733shows that only a up to 20, as obtained from secondary neutron measurements.
20-30% vyield degradation is remaining when mix and in-  Demonstration of even higher convergences3(Q) us-
trinsic hohlraum radiation flux nonuniformity is calculated. ing secondary neutron measurements is not possible with the
Here, the effects of a plausible Own, € =1 shell thickness yields obtained on Omega implosions. For example, the
variation alone can contribute a 20% degradation in yieldsame CH capsules filled with only 2 atm of pure Bre
[see Fig. 7-2@)]. predicted to reach a convergence greater than 30 according
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to (clean 1D simulations, but the sampling errors for sec-but still higher than achieved with the convergence 7-10
ondary neutron detection become too large for reliably inferHEP4 capsules on Nova. Recent work with Ar-free implo-
ring a fuel convergence. sions has exploited further improvements in target quality
X-ray core imaging techniques are still possible, but theand laser-power balance on Omega to demonstrate signifi-
convergence measured this way may be more model depenant performance of convergence-22 capsules which is con-
dent. Multiple 4—6 keV x-ray images of the imploded coressistent with hydrodynamic implosion calculations when the
for the 5, 10, and 50 atm fills were obtained using an array o&ffects of intrinsic hohlraum asymmetry and hydrodynamic
5 um pinholes and 70 ps resolution framing cameras. Addinstability are included. Even higher convergence capsules
equate signal was recorded despite the absence of Ar dopamiay achieve reasonable performance on Omega. However,
in the fuel. Figure 7-3t) shows the comparison between the full level of independent pulse shaping planned for NIF
the measured and expected 50% self-emission contour sizesll be required to demonstrate convergence ratio 30 or more
for fuel bremsstrahlung x rays. This contour correlates welimplosions as required by current ignition designs for NIF.
with the calculated fuel-pusher interface for the higher con-
vergence 5 and 10 atm,Bill capsules, according to the
simulations. For the 50 atm JfXill, the core conditions are
less isothermal and the calculated 50% x-ray emission con- One of the authoréJohn Lind) was responsible for the
tour occurs inside the fuel—pusher interface. A lower inten-overall content and integration of the material in this review.
sity contour could be chosen to better match the location ofAs in any review, this document covers only a subset of the
the fuel—pusher interface, but these calculations illustrate th@ork that has been carried out since 1990 in developing the
model dependence of using the x-ray emission for inferringphysics basis for ignition using indirect-drive ICF. The other
fuel convergence. Mix and other effects which modify theauthors were primarily involved in developing content for
temperature profile near the pusher—fuel interface will alsahe following individual sections: Steve Haan, Sec. Il; Dick
change the size of the x-ray image and these effects can IBerger and Siegfried Glenzer, Sec. llI; Larry Suter and Bob
substantial for the small core sizes obtained at high conveikauffman, Sec. IV; Nino Landen, Sec. V; Gail Glendinning,
gence, further complicating the comparison between th&ec. VI; and Peter Amendt, Sec. VII. A few of the references
X-ray emission size and the fuel size. in this review are to Livermore or Los Alamos internal docu-
ments that are not yet publicly available. Most of these are
still in the process of review for declassification as a result of
the December 1993 decision by DOE to declassify large por-
The HEP1 implosion series on Nova was used to detions of the U.S. ICF Program.
velop quantitative neutron diagnostics for inferring fuel den-  Besides the authors, who have all been active in the
sity and mix using the secondary DT neutron spectrum fronprogram on Nova and Omega, the work reported here re-
DD fuel implosions. This technique has been used on theuired the efforts of many hundreds of people who cannot all
HEP4 and HEP5 implosions on both the Nova and Omegae mentioned. Authors of the scientific work reviewed here
lasers. are credited in the references. However, the scientific leader-
The HEPS3 implosions successfully demonstrated the usship and management of the large teams of people required
of x-ray spectroscopy as a technique for obtaining mix infor-to successfully carry out this research deserve acknowledg-
mation on implosions. ment. Erik Storm was the head of the LLNL ICF Program
The goal of the HEP4 implosion experiments was tofrom 1984 to 1992, during the time when Nova became op-
demonstrate a quantitative understanding of implosion exerational and the Nova Technical Contract was developed.
periments for convergences of about 10 with overall hydro-During this early period, Mike Campbell was the Nova Ex-
dynamic instability growth of 100 or more for a NIF-like periments Program Leader. Mike followed Erik as the ICF
perturbation spectrum. This goal was achieved on NovaProgram Leader. Upon becoming the LLNL laser programs
However, the smoothest capsules had yields degraded Associate Director in 1994, Mike played the central role in
about a factor of 3 from 1D because of intrinsic hohlraumestablishing NIF as a key element in the Stockpile Steward-
flux and long-wavelength capsule asymmetry. Quantitativeship Program. One of the authors, John Lindl, was the leader
calculations of the performance of the convergence 10 capaf the ICF Program theory and code development work from
sules on Nova required the development of 3D capsule im1984—-1990, was leader of the overall Nova Target Physics
plosion codes. The observed level of degradation, althougRrogram from 1990 to 1995, and the ICF Program Scientific
calculable, implies a level of asymmetry significantly ex- Director since 1995. Joe Kilkenny was the Nova Experi-
ceeding that which would be acceptable for ignition experi-ments Program leader from 1992-1995. He was the ICF Tar-
ments. On the Omega laser, which has improved symmetrget Physics Program Leader from 1995-1997 and the
relative to Nova, the HEP4 capsules have achieved 70% tBeputy Associate Director for ICF and NIF from 1997 to
80% of the idealized or clean 2D yield, which is within the 1999. Bruce Hammel has been the LLNL Ignition Program
range required for ignition. Leader from 1998 to the present. Mordy Rosen was the
The higher-convergence goalslEP 5 are being suc- leader of the LLNL theory and code development work from
cessfully pursued on Omega. At convergence-17, the bedt990-1997 and Tom Bernat has been the long time leader of
performing capsules achieved close to 50% of the idealizethe target fabrication work at LLNL. During much of the
2D yield, somewhat less than would be required for ignitiontime involved in the work on Nova, Melissa Cray was the
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LANL ICF Program Leader, a job held by Alan Hauer since
1999. All of these people held major management responsi-
bility, and played an essential role in the success of the work

¢ SBS fraction
fsgg back, side<5-10%.

on indirect-drive on Nova. « SRS fractions
This work was performed under the auspices of the U.S. fSRS(back, sideX5—10%
Department of Energy by the Lawrence Livermore National and fSRS(forwardx5%.

Laboratory under Contract No. W-7405-Eng-48.
(6) HLP6: Evaluate the impact of laser beam filamentation

on SBS and SRS and develop control techniques to the
APPENDIX: THE NOVA TECHNICAL CONTRACT extent necessary to ensure acceptable levels of scatter-
(NTC) ing.
(7) HLP7: Develop an improved understanding of x-ray
conversion efficiency in hohlraums under conditions ap-
propriate for NIF ignition targets.

The Nova Technical Contra¢NTC), as spelled out in
the 1990 review of the ICF ProgratNAS Review, 1993pn
comprises the HLP physics goals, and the HEP goals.

The HLP program addresses laser—plasma coupling,

i dt . d the devel ; Evolution of the NIF target designs and completion of
X-ray generation and transport, an € developmen 01]‘he 60-beam Omega laser at the University of Rochester

energy-efficient hohlraums that provide the appropriate Spec(’Soureset al,, 1991 resulted in modifications and extension

tral, temporal, and spatial x-ray drive. The HLP program Was, the NTC. These changes affected principally the HLP
divided into seven subgoals: goals

(1) HLP1: Demonstrate acceptable coupling of laser lightto ~ The most notable change to the NIF targets has been a
x rays in lowZ-lined hohlraums using shaped laser change in the NIF hohlraum. Ignition-scale hohlraums re-
pulses and peak radiation temperatures up Ttp  quire some sort of a lov-fill to control the position of laser
~210eV. beam absorption and x-ray emission. At the time of the NAS

(2) HLP2: Demonstrate acceptable coupling of laser light toreport, ignition targets used lo&-iners on the inside of the
X rays in lined hohlraums with peak radiation tempera-hohlraum wall to create a plasma. These “lined hohlraum”
ture Tg=270 eV with 1 ns square pulses. targets, spelled out in the NTC, worked well in the Nova

experiments. Later, however, more detailed NIF-target calcu-

A I ling for HLP1 HLP2 fi . . - .
cceptable coupling for and was defined asIatlons predicted a significant asymmetric pressure pulse on

follows: .

olows the capsule when the liner plasma collapsed onto the hohl-

* Absorption fraction raum axis. This pulse may be an artifact of calculations that
fps>90%. are currently constrained to be axisymmetric, or it may be

) o ] ] possible to mitigate this pulse by intentional 3D hohlraum
* Stimulated Brillouin scatteringSBS fraction fsgs  gesign features. To avoid the on axis pressure pulse, the

<5-10%. baseline NIF target design has been switched from a liner to
« Suprathermal-electron fraction a low-Z gas fill (Haanet al,, 1995; Krauseet al, 1996.

fro< 5% Although not part of the original NTC, symmetry control

at and x-ray drive in gas-filled targets became a major focus on

Nova and the later Omega experiments.
Tho=50 keV. HLP1 and HLP2 specify temperature goals in hohlraums
with shaped and unshaped laser pulses. The temperature
goals for shaped pulses result in plasma conditions inside the
hohlraum that are comparable to those for NIF targets.
(3) HLP3: Demonstrate an ability to measure and calculatdligher temperatures are possible for unshaped pulses be-
energy balance in a hohlraum with emphasis on wall lossause there is less time for the buildup of plasma. These
and albedo and an ability to diagnose and predict théigher temperatures provide a test of x-ray wall loss at NIF-
(time-dependent position of the laser-produced x-ray like temperatures. These HLP goals were achieved in lined
source within the hohlraum. Demonstrate an ability tohohlraums. The experiments were extended to gas-filled
characterize and model plasma evolution in a hohlraumhohlraums where the temperature goals were also achieved.
(4) HLP4: Demonstrate symmetry control with low- and These results are discussed in Sec. IV.
intermediateZ-lined hohlraums. Achieve low-order, A quantitative understanding of x-ray absorption by
[-mode P,,P,) time-integrated symmetry=2 to 4%. high-Z hohlraum-wall material is essential for understanding
(5) HLP5: Demonstrate acceptable levels of scattering irhohlraum-coupling efficiency. This was a major objective of
large-scale plasmas that match the plasma condition$]LP3 and was accomplished in the Nova experiments as
beam geometry, and beam smoothing of ignition hohl-discussed in Sec. IV.
raums as closely as possible. The plasmas should have The goal of HLP4 was to demonstrate NIF-level control
density and velocity scalelengths2 mm, electron tem- of the time average of the long-wavelend®h and P, radia-
perature>1.5 keV, andn/n;<0.15. tion flux asymmetry. Nova’s basic 10-beam geometry, with
Acceptable levels of scattering were defined as followsfive beams in a ring on each end of the hohlraum, only al-

« Stimulated Raman scatterif§RS fraction
fsre<5-10%.
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lows control of the time average radiation asymmetry. An  The fuel density will be inferred from measurements of
averageP, flux asymmetry of 1% has been achieved, as fuel areal densitypr using advanced neutron-based
described in Sec. V. NIF has two rings of beams on each diagnostics.

side; this allows control of the time variation B, as wellas  (2) HEP2: Measure the reduced linear growth and early non-
the time-averag®, andPg. In general, the time variation of linear behavior of the RT instability at the ablation sur-
the P, asymmetry on Nova exceeds the requirements of the face for x-ray-driven targets. Using planar targets, ob-
NIF capsules. The larger number of beams on Omega allows serve single-mode growth at the ablation surface by
control of the time variation of flux asymmetry. In addition, factors of>30, from which reductions by factors of 2 to
changes to Nova that allowed propagation of a separate pulse 3 from the classical RT growth rate are inferred. Targets
in each half of each beam also provided a means for control-  of various compositions will be used to confirm the mod-
ling the time variation of asymmetry. The NTC was extended  eling of plasma opacity as it affects x-ray-driven hydro-
to include experiments that have demonstrated this control. dynamics.

Although the time average asymmetryRf has met the NIF  (3) HEP3:  Using x-ray  spectroscopy, demonstrate
requirement, the rms variation in flux asymmetry over all ~ pusher/fuel mixing that is dependent on initial target sur-
modes exceeds that required for NIF capsules. With the level face quality. The targets will be low-growtfperturba-

of power balance and pointing accuracy achieved on Nova tions grow by a factor of about }0low-convergence
(Omega, the rms flux variations are a factor of(2) greater (C,<10) plastic capsules with a multimode spectrum of
than expected on NIF. initial surface perturbations.

HLP5 and HLP6 address various aspects of LPI in hohl{4) HEP4: Demonstrate quantitative understanding of implo-
raums. Although significant progress has been made in un- sion experiments to convergence ratiGs~10 with
derstanding these effects, there is not yet a true predictive overall hydrodynamic instability growth factors of 100
capability for use in hohlraum design. However, by going to  to 500 for anl-mode spectrum similar to that character-
short-wavelength laser light, it has been possible to identify istic of ignition target designgfor which maximum
conditions under which the LPI effects play only a minor  growth occurs for mode numbers-30).
role in target performance. Under these conditions, it ha$5) HEPS5: Extend HEP4 experiments to convergence ratios
then proven possible to accurately predict ICF capsule per- C,=20-40 with capsule performance consistent with
formance. The purpose of the HLP5 and HLP6 goals is to  Nova’'s symmetry limitations.
identify the limits of this safe operating regime for ignition ) o
targets and to increase this regime as much as possible by HEP1 and HEP3, covered in Sec. VII, were initially
incorporating various types of coherence control on the lasef'Wed as experiments designed to develop quantitative neu-
beams and by target design choices. Because we do not y&n and x-ray techniques for measuring the effects of hydro-
have a predictive capability for LPI in hohlraums, the utility dynamic instability on implosions. The HEP3 goals required
of the conclusions of the HLP5 and HLP6 experiments reliedMPlosions that did not pose a serious challenge to Nova's
on being able to produce NIF-like plasma conditions with thePOWer and energy balance. However, the density specified in

Nova laser. The Nova plasma conditions approach those eX?® HEP1 goal could only be met with capsules that had a
pected on NIF but are not identical. The Nova plasmas ar&onvergence>20. Success of this objective required the pre-

typically 3—4 keV while much of the NIF hohlraum interior CiSion Nova improvements to power and energy balance.
is 5-6 keV. Scale sizes on Nova were typically a factor ofHEP1 experiments utilized reduced-scale capsules which de-
2-3 shorter than expected on NIF and the ratio of electron §7€2S€s time-dependent asymmetry variations and increases
ion temperature is higher on Nova than on NIF. Averagegeometric hohlraum smoothing. These experiments achieved

absorptions of 90%, which meet the NTC goals, have beefiot fuél density of 20 glch the analog of the hot spot in
achieved in many of the experiments designed to emulatl!F capsules. These experiments also_ achieved a dens_|ty of
NIF plasmas. However, some of the experiments discuss 0-200 g/crhin the material surrounding and compressing

in Sec. lll have total scattering levels which exceed the NT e hot fuel, the analog of_t_he dense Co'd fuel in th_e NIF.
goals by a factor of 2 and instantaneous scattering can efargets. Both of these densities were the highest achieved in

ceed even that level. Experiments are continuing with thd® NTC experiments. The comparable NIF densities are

goal of achieving an improved predictive capability. 70-100 g/cr in the hot spot and 900-1200 g/érin the
The HEP experiments address the issues of hydrodys_urroundlng COIQ f_uel._ '

namic instability and mix, as well as the effects of flux asym- In general, it 'S difficult to accgrately measure the RT

metry on capsules that are scaled as closely as possible §CWth of perturbations on a spherical shell. The HEP2 ex-

ignition capsuleghydrodynamic equivalengeThe HEP pro- p_eri_ments in planar g_eometry were designgd to obtain quan-
gram addresses capsule-physics issues associated with igm-a tive growth rates_, n planar geometry. S Ince most of.the
tion. This includes the physics associated with ignitien- growth of perturbations in an ICF |mpI03|pn oceurs durmg.
ergy gain and energy loss to the fuel during implogiorthe the first factor-of-2 change in capsule radius, planar experi-

absence ofr-particle deposition. The HEP program was sub-ngtz ﬁzsgursegoi;ﬁfe?%lfl\?v\i/tint pfgsfs_sol:l’é?:af e?perl-
divided into five subgoals: P gs o

growth. Because of its importance to the success of an ICF
(1) HEP1: Demonstrate fuel densities of 20—40 giamming  implosion, the level of experiments actually far exceeded the
high-contrast pulse shaping with noncryogenic targetsinitial objective of HEP2. Experiments were carried out that
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