Modeling Laser—Plasma | nteraction Physics Under Direct-Drive
Inertial Confinement Fusion Conditions

Introduction

L aser—plasmainteraction (L PI) processestaking placeinindi-
rect- and direct-drive targets differ significantly in severa
ways. Plasma electron densities ng in hohlraum targets are
typically afew percent of thecritical density n. = rnea)cz,/4re2 ,
so that the maininstability mechanismsare stimulated Raman
and stimulated Brillouin scattering (SRS and SBS, respec-
tively), which typically have very large predicted linear gains
due to the long scale lengths of near-uniform plasma.l The
theoretical challenge hereisto understand the nonlinear satu-
ration mechanismsthat are responsiblefor thesmall, observed
reflectivities. In direct-drive targets the plasmais inhomoge-
neous, with the linear gain for parametric instabilities
often limited by the inhomogeneity of the plasma, rather than
by damping of the unstable waves. In direct-drive targets, al
electron densities up to critical (n; ~ 8 x 1021 cm™3 for
0.351-um light) can be accessed by the laser. As a conse-
guence of the dispersion relations of the participating waves,
SBScantakeplaceanywhereintheunderdenseregionng<ng,
and SRS can take place anywhere below the quarter-critical
surface ng < nJ/4. At the quarter-critical surface SRS is in
competition with two-plasmon decay (TPD), a particularly
dangerous instability because of its low threshold and its
ability to produce hot el ectronsthat preheat thetarget. Compli-
cated physics is expected at the critical surface itself, in-
cluding but not limited to resonance absorption, profile
modification, instability, and surfacerippling.2 Interactionsin
the underdense plasma corona are further complicated by the
crossing of multiple beams. These beams can interact para-
metrically viacommon decay waves, excited simultaneously
by several beams, or via electromagnetic seeding involving
specular or parametricreflectionsat or near thecritical-density
surface. The need to take into account such complications
meansthat simpletheoretical modelsare of rather limited use.
One must adopt multidimensional simulation tools that are
ableto model the necessary physical processesonalargescale
in order to have a hope of interpreting current experimental
data and making predictions for future experiments.
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Whilemodeling LPI inindirect-drive-relevant plasmas has
received a great deal of attention, and several semipredictive
simulation codes have been developed,34-5 the same cannot
be said for direct drive. Recently pF3D, a three-dimensional,
paralel LPI interaction code developed by LLNL, has been
modifiedat LL Efor useindirect-drive conditions. Thesignifi-
cant advantage of pF3D3 over the code HARMONHY# is its
efficient parallelization using message passing, which has
been exploited using Hydra, a 64-processor SGI Origin. This
article describes recent developments in this regard, and in
addition to some background on pF3D and similar codes,
shows some of thefirst results that have modeled long-scale-
length OMEGA multibeam experiments.

Thisarticleisorganized asfollows: The next section gives
the background behind themodeling of large-scale L Pl experi-
ments and includes a discussion of the physical effects that
make such simulations especially challenging. The section on
Simulations gives details specific to the simulation of
OMEGA experiments, including the treatment of the expand-
ing plasma, the critical surface, and collisional absorption. It
also contains the first pF3D results in direct-drive geometry,
including simulations of SBS backscatter for a range of
laser intensities. Simulations exhibiting self-smoothing of
laser light are also presented. The final section explains the
relevance of these simulations not only to present, but also
tofuture OMEGA and National Ignition Facility (NIF) experi-
ments. Further advances expected in the near future are
also explored.

The Physics of L arge-Scale Modeling

One of the reasons for the complexity of LPI, and indeed
plasma physics in general, is the mixing between disparate
length scales. In LPI, the plasma response at scales around a
fraction of the laser wavelength Aq is generally not inde-
pendent of those taking place at the much larger hydro-
dynamic scale length of the target, |;,. For NIF-scale targets
irradiated by 0.351-um light, this ratio can be very large:
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I /Ao~ 1030 10* (an exampleof thisistheonset of large-scale
flow due to SBS momentum deposition’). In recent years one
advance in simulations that has made large-scale simulations
possible has been the use of wave-envel ope methods>#8 that
attempt to surmount these problems.

Another major complication for LPI is the complexity of
the plasma response. Typical experimental scales of interest
to laser fusion (both direct and indirect drive) are lengths of
the order of 1 mm and times of 1 ns. It is quite impossible to
model the plasma over these scales using any first principles
model, such as particle-in-cell (PIC), Vlasov, or Fokker—
Planck. One must necessarily deal with areduced description,
the simplest being the plasma fluid, where the only informa-
tion retained from the single particle distribution function is
its hydrodynamic moments. Although fluid models are the
simplest (though still containing ahost of nonlinearities), one
cannot often neglect linear and nonlinear kinetic effects. Ad-
vances have been made in combining both linear wave—
particleinteraction (Landaudamping),? el ectronkinetic effects
such as nonlocal electron transport,* and nonlinear frequency
shifts1O into fluid codes.

1. Wave-Envelope Methods and the Paraxial Approximation
The basic idea in wave-envelope methods is to take ad-
vantage of the fact that it is often possible to write the trans-
verse electric field of the laser as a sum of components that
are each well characterized by a given frequency and wave
number and also well separated from one another (spectrally).
By enveloping around, and hence explicitly removing, the
characteristic spatial and temporal frequency of each compo-
nent, one arrives at equations where only the slow variation of
the envelope needs to be followed. This leads to arelaxation
of numerical constraints, coarser grids, and larger simulation
volumes. An example of this is the paraxial approximation
where one needs only to resolve the Rayleigh length and not
thewavelength of thelight. In the paraxial approximation, the
constraint that the envelope function be slowly varying in
space restricts the model to describe only light propagating
within a range of wave numbers and frequencies not too far
from the characteristic frequencies. Experience showsthat an
angular +30° can be tolerated, but thisis often good enough
for practical purposes.’t Complications are that the plasma
respondsto the ponderomotiveforceand ohmic heating, which
are quadratic in the electric field. Hence there are pondero-
motiveandthermal sourcesat thebeat frequencies, both spatial
and temporal, of all the transverse components. To retain the
advantage, the plasmaresponse must likewisebeharmonically
decomposed around each frequency present, taking into ac-
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count nonlinear couplings between each,’ as is done in both
pF3D3 and HARMONHY,# i.e,, it is through the plasma re-
sponse that the transverse electromagnetic components are
nonlinearly coupled.

To make these general statements more concrete, we will
describe how the above procedure applies to SBS (both near-
backward and near-forward) in the simulation codes pF3D
and HARMONHY (although the algorithms differ between the
two codes, the general approach is essentialy the same in
each). Raman scattering can be treated in a similar way, but
for simplicity we will consider only Brillouin here. Consider
a transverse electromagnetic wave characterized by its
amplitude E . The time-enveloped amplitude E is defined by
the equation E = E exp(-iwgt) + c.c., and it satisfiesthe time-
enveloped Maxwell equation:

2
. c 2 H Ne . 55 _
§|6t+w—oﬂ+ wog.— N—C(l— |ve|/wb)%E—0, (1)

where E is assumed to vary on time scales much greater than
wgy 1 we haveignored heretheterm proportional to D[(]]] E),
but we have retained the damping of electromagnetic waves,
usually neglected in underdense plasma, since it isimportant
closetothecritical surfacein direct-drive plasmas. Motivated
by physical arguments, we expect the electric field to contain
two spectral features, one corresponding to transverse waves
propagating in the general direction of the laser axis and
another propagating in the near-backward direction (SBSin
the underdense region is expected to be reasonably well colli-
mated in the backward direction as the longitudinal corre-
lation length of the laser is greater than in the transverse
direction by alarge multiple of thef number). Hence, wewrite

E(x,t) =E4(x.t) exp ngkO(zl)dZE

+E_(x.t) exp [ ko(2)ez 5 @

Here the axially dependent wave number Ky(z) must
satisfy the linear dispersion relation for transverse waves
ko(2) = wo/c1~ Negee /N¢ , and the electron density Ne gec
is defined later in Egs. (4) and (6). The slowly varying enve-
lopes then satisfy the equations
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where Vg = czko(z) / Wy isthe magnitude of the group veloc-
ity of the light and vg = 4/3v2mIn X*zZnom;¥2 1532 isthe
electron-ion collision frequency, which is responsible for the
collisional damping of the el ectromagnetic waves. The param-
eter £p, has beenintroduced, and it takes on the values &4 =
0 or 1, corresponding to the paraxial approximation and the
unapproximated wave equation, respectively. Notice that the
paraxial approximation assumes that 9/0z <<kg.

2. Plasma Response
The presence of the high-frequency beat terms between E,,.
and E_ in the ponderomoative force,

Foona = U= €2/ (amycof)| OIE?,

motivatesadecomposition of all thefluid variablesinthesame
fashion as outlined here for the electron density ng:

ne = No +[n1exp iy(2) +c.c.]. 4

In this decomposition, n, is the (complex) amplitude of the
ion-acoustic wave (IAW) driven by the backward SBS pro-
cess, whose phase ((2) is given by

w(2) = [oko(2)ez - [} kol2Z)ez,
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sothat 9,4(2) = kaw(2), wherek oy = 2k, denotesthe local
wave number of the SBS-driven |AW. The amplitude satisfies

d . . 0
%sz'kouz +Via52n1+§"a —2I|(OC§E—C§DZQH1
_ 2 2me O
=-kg ™ NoE+E-+S,, ©)

where

d/dt = 9/at +u

isthe convectivederivative, C, = /(ZTe +3T;)/m isthel AW
sound speed, v;5istheion-acoustic damping rate, and S, isthe
thermal Cherenkov source of ion waves. (We have changed
the notation slightly from Ref. 3.) In Eq. (4), Ng denotes the
slowly varying part of the electron density for which thequasi-
neutral limit is correct. For usein Egs. (3), the slowly varying
part Ng must itself bedecomposedinto asum of asecul ar piece,
Ng sec; @nd a quasi-static, large-scale perturbation ng,

No = Nesec +o- (6)

The secular piece of the background equilibrium electron
density isthe part that varies over the interaction region, due
to hydrodynamic expansion of the target, and whose phase
has been taken into account by allowing kg to be afunction of
zintheusual WKB (Wentzel, Kramers, Brillouin) manner. Its
value at a particular axial location is equal to the transverse
spatial averageof Ny. Thequasi-static, |arge-scal eperturbation
np isrelated to flow generation caused by momentum transfer,
self-focusing/filamentation, and forward-scattering processes.

The slowly varying plasma-hydrodynamic quantities sat-
isfy anonlinear set of equations,

o+ Olfpu;) =0, (72)

d¢(pu;)+0pu; uj)

=-0(R+ R)-(p0U)4 2vepu;, (7b)
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“[oR+OuR) + R = 05 1o T)+Q, (70

g[o“’téTe +O0u; T )| + o0,

= 0p ficeni ) Te) + Qe (7d)

Here, p = mNg/Z istheion massdensity, Zistheaverageion
charge, P = NgTeand R = (P/ m )Ti are the electron and ion
pressures, respectively, Qg and Q; are the electron and ion
heating rates, k; and K\ are theion and (possibly nonlocal)
electron thermal conductivities, and the quantity v denotes
the damping operator describing L andau damping and ion—-ion
collisions (see Ref. 12).

Most efforts have concentrated on hohlraum conditions,
where no critical surface is present, but we are now apply-
ing pF3D, solving Egs. (3), (5), and (7) to OMEGA direct-
drive experiments.

Simulations of L ong-Scale-L ength OMEGA Experiments

Experimental OMEGA campaigns have addressed LPI
conditions that closely resemble NIF direct-drive ignition
targets at the start of the main pulse using single, staggered
multiple-beam irradiation of solid, planar CH targets. Full-
aperture backscatter stations (FABS) have measured the
time-integrated, time-resolved SBS as well as SRS back-
scatter energy and spectra. In the present work, we discuss
SBS and make comments about TPD only. In general terms,
thelevel of observed SBSbackscatter for single-beam, normal
incidence increases exponentialy with laser intensity up to
intensities of about 2 x 101 W/cm?2, with corresponding
reflectivities of ~1%, after which it begins to saturate with
reflectivities greater than, or around, 10%. This level can be
reduced significantly by the addition of SSD (smoothing by
spectral dispersion) bandwidth (0.5 or 1 THz experimentally)
and by polarization smoothing (PS), both of which seem to be
more efficient at removing the frequency upshifted (blue) part
of the backscattered spectrum than the downshifted (red), and
leadsto reflectivities of afraction of apercent. Similar behav-
ior is also seen in the case of multiple-beam irradiation.

The SBS spectra (features near Ag ~ 351 nm) consistently
show two distinct features. One feature (referred to as the
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“blue feature”) has a shift to shorter wavelengths that
increases in time up to a maximum experimentally observed
spectral shift of 6 = A3 /(2m) Sew~1nm. Thisisdueto SBS
in the underdense plasma corona where the flow velocity due
to target expansion is supersonic and |ui|>Ca. The other
spectral feature is shifted to longer wavelengths (the “red
feature”) and is seen predominantly in the specular direction,
i.e., if the beam is not normally incident and there is no
opposing beam that could specularly reflect light into the
FABS, then this feature is absent. This feature must arise
from interactions very close (tens of microns) to the critical
surface and is presumably seeded by specular reflection. The
blue component is observed only in the backscatter direction
and is seen regardless of the angle between the laser axis and
the target normal. The temporal duration of the blue feature
also differs between multibeam and single-beam irradiation,
but thisislikely due to the different hydrodynamics between
the two targets. It then seems that the two spectral features
havetheir originsintwo well-separated regionsin the plasma.
Based on the expected hydrodynamic profile, from SAGE
simulations,!3 the red feature must come from aregion sepa-
rated by only tensof micronsfromthecritical surface, whereas
the blue feature comes from a region hundreds of microns
outintothecorona. Thecritical regionisnot currently modeled
in aself-consistent manner in pF3D and will not be addressed
in detail here. (The actual details on how the critical surface
ispresently treated will be detailed below.) Work isunder way
to study thisregion separately using afull-wave codethat does
not assume the paraxial approximation and uses the pF3D
simulations to provide the necessary boundary conditions.

Detailed understanding of the experiment is necessary
for confident predictions and future NIF/OMEGA experi-
ments. Before proceeding with our simulations relevant to
the current OMEGA experiments, we will discuss in detail
the modeling of both the inhomogeneous plasma profile and
the critical surface.

1. Modeling the Hydrodynamic Expansion of the Target
Hydrodynamic evolution of the target during the nanosec-
ond laser pulse is significant, and previous experience with
experiments conducted at LULI has shown that this must be
modeled accurately for close agreement with experimental
data.1* The predictive value of SAGE has been verified over
several experimental campaigns, so we have chosento initial-
ize our plasma hydrodynamics using data provided by SAGE.
Figure 91.1 shows the initial conditions, taken from SAGE,
corresponding to the zcomponent of the expansion velocity u;
and the plasma electron density N for various times relative
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to the start of the interaction pulse. Thisflow velocity givesa
spatialy dependent Doppler shift to IAW, and its gradient
localizes the three-wave SBSinteraction, which are all essen-
tial features of the experiment.

-10 | (a) =

u,/Cy

0.6 - - - t=400 ps
© — t=600 ps
Eo 04 t =800 ps _
/
02 P .

0 200 400 600 800
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TC5979

Figure 91.1

The component of the plasma expansion velocity (normalized to Cy for
hydrogen at 1 keV) in the direction of thetarget normal, and electron plasma
density asafunction of the axial coordinate z. The gradient in the expansion
velocity limits the resonance region for backward stimulated Brillouin
scattering due to the detuning of the three-wave coupling viaaflow-induced
Doppler shiftinthe | AW frequency. Theimportant featureisthe plateau that
provides a more-favorable region for SBS growth, which moves outward
toward thelaser and lower electron plasmadensitiesintime. Thethreecurves
(dashed, solid, dotted) correspond to the times 400, 600, and 800 ps after the
start of the interaction pulse, respectively.

2. Modeling the Critical Surface

To relax the numerical constraints in the electromagnetic
part of the problem, we previously used the paraxial approxi-
mation by setting €y, = 0 in Eq. (3). This causes difficulty
near the critical surface, however, since thelocal wave vector
Ko(2) there is smaller and vanishes, ky(z) = O, at the turning
point z = z, invalidating our approximation. One approach is
toretainthe second derivativein Egs. (3) inaregion surround-
ing the critical surface. We currently adopt a simpler method:
Fig. 91.2 shows atypical simulation volume having its z axis
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along thetarget normal and with the plasmadensity increasing
with the axial coordinate due to target expansion. The length
of the simulation box is chosen so that ng(z = 0) ~ 0.1 n. and
ne(L,) ~0.7-0.8 n., whichimpliesastandoff of approximately
10 um from the end of the simulation volume and the UV
critical surface. Appropriate DPP boundary conditions must
be provided for E, a z = 0 (see Fig. 91.3). The boundary
conditionsfor E_ at z= L, are obtained by treating the end of
thesimulationvolumeasapartially reflecting mirror by setting

E—(XD!LZ) :\/@E ()E !LZ) '

UV critical
surface

140 /g

TC5980

Figure 91.2

The typical geometry used in simulating direct-drive LPI experiments. The
solid target is assumed to have its outward normal along the z axis (pointing
totheleft), withthe UV critical surfaceasindicated. Thelaser isincident from
the left. The simulation volume is smaller than the envelope of the beam as
indicated; DPP and SSD are modeled by applying the appropriate boundary
condition (i.e., amplitude and phase) for the complex electric-field envelope
E+atz=0(seeFig. 91.3). Thisgivesriseto the characteristic speckle pattern
inthebox asit propagates to the end of the box at z= L. The region between
z=Lzandthe UV critical surfaceisnot modeled in pF3D, but the reflection
from the critical surface is accounted for by setting E_ = «/§E+ atz=Lg
whereRisthereflectivity arising from the stand-off region ascal culated from
the SAGE hydrodynamic profile. Theenvelope E _then propagates backward
through the box, exiting at z = 0, where the plasma reflectivity can be
measured. Typically, the simulation volume is reduced to two dimensions
with backward SBS present due to numerical constraints.
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Figure 91.3

An example of the electric-field density, normalized to the average inten-
sity, taken on the entrance plane of the box z= 0. Thiswas created assuming
the cylindrical top-hat model (in three dimensions)2! corresponding to an
/6 DPP.
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Figure91.4

IAW amplitudes n1 [see Eq. (5)] averaged over the transverse extent of the
simulation box, and plasma expansion velocity as a function of the axial
coordinate z. Notice that there aretwo regions of significant IAW amplitude,
one around the sonic point, where IAW’ sareresonantly driven by specularly
reflected light, and the other corresponding to the shelf in plasma expansion
velocity, where backward SBS gain is high.

with the reflectivity coefficient given by
% 0
R= ',t)dz' =,
exp%‘[l_zkab(z ) Z5

where K 5, =Vg [V . Typical values near the peak of thein-
teraction pulse are R ~ 0.6. In this way, the electromagnetic
(EM) backscatter seed has at least the proper intensity for
the corresponding SAGE profile (if nonlinear interactions are
negligible). The phase is not correct, although this is not
expected to beimportant. Changesto this model will be made
as our understanding regarding the nonlinear interactions
near critical isimproved. Angular and frequency broadening
will bemodeled if it isfound to beimportant. Wewill incorpo-
rate afull-wave solver near the turning point if necessary.

3. SBS Backscatter Signal in Simulation and Experiment
As in the experiment, simulations show a blue feature in
the spectrum of backscattered light dueto SBS coming froma
flat region of expansion velocity. Indeed, examination of the
plasmaexpansion velocity profile (Figs. 91.1 and 91.4) shows
that there is a preferred location for SBS growth, the flat
“shelf” of uniform velocity, which has a characteristic size of
~200 um. In all other parts of the profile, the inhomogeneity
scale length is short. This shelf is swept further downstream
(toward the laser) with time, so that at later times the local
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plasmadensity at the shelf fallsrapidly (seeFig. 91.1). Based
on an estimate of the expected SBSintensity gain in the shelf
region, we may also be able to explain simply the early
“qguenching” of the SBS signal seen in the multibeam experi-
ments.1> Assuming the strong damping limit, and a uniform
expansion velocity, the convective intensity gain in practical
unitsis given by lggg = lseeq €XP(G), With G = z,4/Lg, and

Ld=0045 - %0 M/l !

——— A (8)
Vi € yJl-ng/nc Hm Tkev

Taking z,; to be ~200 um (as Fig. 91.1 showsto be the length
of the shelf), v;f/2kyCy=0.1, 115 = 0.4, A,y = 0.351, and Tyey
= 2.2, we arrive at again G that as a function of the plasma
density, G ~100(ne/n;)/1-ng/n , drops from a value of
G = 30 to 10 asthe plasmadensity dropsfrom ng/n; = 0.25 to
0.1. This factor-of-3 reduction in the gain as the shelf moves
tolower density (Fig. 91.1) explainswhy the SBSsignal drops
when the laser intensity is at its peak. This gain will be
achieved after a time, 1ggg given approximately by Tggg
~ G/vj5(2Kg) < 30 ps. Figure 91.5 shows actual power reflec-
tivities, taken from recent pF3D simulations, at various times
inthe pulse (to gain a picture of theinteraction over thewhole
laser pulse, some approximations have been made'5).
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Laser power reflectivity, as a function of time, taken from simulations
corresponding to arange of maximum average laser intensities between | =
4 x 1014 W/cm?2 and | = 9 x 1014 W/cm?2. The laser pulse was turned on at
t = 0 and then ramped linearly to maximum intensity in 500 ps after which
it was held fixed for an additional 1 ns, asin typical OMEGA experiments.
Notice that the reflectivity peaks early in the pulse.

Currently we are investigating the more complicated, and
less easily predicted, effects of EM seeding from the critical
surface and the effects of multiple-beam irradiation and
quantifying the ability of SSD bandwidth to suppress SBS.

a_EM seeding of backward SBS. The EM seeding
of Brillouin backscatter in the strongly underdense region
is affected by the plasma inhomogeneity. Each frequency
component of the backscattered light can be resonant with
ion waves only in a spatialy narrow region such that the
frequency-matching conditions are satisfied locally and
wy— W = oqAW[l—M”(z)], where w, is the frequency of
the backscattered radiation and waw =|kjaw|Ca is the
IAW frequency for a sound wave with wave number kay-
The spatial extent of this resonance region is determined by
the width of the ion-acoustic resonance ~ Vi_al and the scale
length of the flow Mach number M. The wave-number-
matching conditions kg = kq+k,ay are determined
by the scattering geometry only since the magnitude of the
wave vector of scattered light is essentially unchanged,
k1| =|ko| = wo/cy1—ne/ne , because the shift by the ion-
acoustic frequency wgp—wy isvery small compared to wy.

It has been suggested that the sonic point is of special
importance because light specularly reflected by the critical
surface with little or no spectral shiftl’ will be resonant with
the AW at this point and may drive them to large amplitude.
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This effect isevident in Fig. 91.4. The resonance may be less
important, however, if the reflected light is not monochro-
matic and is spread in angle and frequency due to nonlinear
interactions near the critical surface. Inaddition, experimental
evidence indicates that the absorption is much greater than
predicted by Eq. (10), and the backscattering seed at the sonic
point may be substantially less than is shown in Fig. 91.4.
We would not expect specularly reflected light to provide
an efficient seed for SBS occurring in the supersonic region
due to the large frequency mismatch.

In summary, the parametric reflections from other beams
(in multibeam geometries) are expected to be more important
than specular reflection for seeding the blue part of the scat-
tered light spectrum, and there is much experimental evi-
dence for synergy between the beams, while interactions
near the sonic point are influenced by both specular and
parametric reflections in both single and multibeam geom-
etries. The region near the critical surface associated with the
red feature in the spectrum of reflected light is the most
complicated and best investigated with a code capable of
solving the full wave equation.

b. Anomalous absorption. In the absence of parametric
reflections, at low intensity, one would expect the laser ab-
sorption n to be dueto classical inverse Bremsstrahlung only.
Integrating the equations for laser intensity [obtained from

Eq. (3)],

2 (vole. ) =725 (e ). ©

over SAGE density and temperature profiles, one obtains the
reflectivity R = 1-n, where

R= exp%—ZIg‘Kab(z')dz'E (10)

Kab =Vei /Vg is afunction that depends on the density and
temperature, and z is the turning point for the transverse
waves, defined by 1-ng(z)/n -sin?(6) =0. For a SAGE
profile at t = 400 ps, the above formula predicts R = 0.025
(for 8 = 0°). This lower bound on the reflectivity is larger
than the experimentally observed reflectivity by approxi-
mately two orders of magnitude.
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Possible explanations for this serious discrepancy include
inaccuracies in the SAGE profiles near the critical surface,
where most of the absorption occurs, and where it is espe-
cially sensitive to temperature through the electron-ion colli-
sion frequency,

A n, Jo3s1Cf 32

Vg ~8.16—— Zg¢ —2 T st
6 10 Eho—umg ekev P (11)

a factor that appears in the exponent of the equation for the
reflectivity, Eq. (10). Other possible explanations are the
geometric effect of diffuse scattering through arough critical
surface (although a scattering into 27t radians would be re-
quired, and thiscan beruled out experimentally) and increased
collisionality brought about by ion turbulence. A closeinves-
tigation of the backscatter spectrum, together with pF3D
simulations, might be the best route to resolving this out-
standing problem and offers the possibility of providing a
diagnostic for laser absorption.

4. Self-Focusing Instability and Self-Smoothing

Another area where pF3D simulations are expected to
provide insight is the investigation of so-called plasma-
induced self-smoothing of laser light. Thisis amechanismin
which the spatial and temporal correlation length of the laser
can be dramatically reduced, as a result of nonlinear plasma
response related to the self-focusing (SF) instability and for-
ward SBS. Although this is presently a very active area of
research, with strong experimental evidence showing itsim-
portanceto backward SBSin underdense plasmas, 1820 effects
likely of importance to direct drive such as laser imprint and
saturation of TPD have not been investigated either experi-
mentally or theoretically (including through simulation).

The onset of self-smoothing is related to the SF instability
and has a threshold which, in practical units, is given by

15 A2 0
p~039-57m (2 Ne .y (12)
ekeV c H

wherethefactor of order unity (0.39 here) comesfrom assum-
ing a cylindrical top-hat DPP (distributed phase plate) spec-
trum in 3-D.2! For relevant parameters, it is seen that SF
might become important at higher intensities, nearing 1 x
1015 W/cm?. Thisis demonstrated in Fig. 91.6, which shows

100

a longitudinal dlice of the electric-field intensity of a DPP
beam. Notice the reduction in the size of the laser speckle
pattern, which is also associated with a reduction in the laser
coherence time.

The increased incoherence of the laser beam can disrupt
and reducethelevel of coherent parametricinstabilities, which
isbeneficial for inertial confinement fusion (ICF). Regarding
SBS, the shelf in the expansion velocity makes the OMEGA
experiments quite different from previous investigations of
SBSininhomogeneous plasmas, wheretherewasno preferen-
tial region for growth. Competition between self-smoothing
and SBS can be revealed by the spatial location
of SBS ion waves, as reported for LULI experiments using
a Thomson-scattering diagnostic.18 A close examination of

Cross section of
electric-field intensity

z (wavelengths)
O B N W b~ O

X (wavelengths)

TC5983

Figure 91.6

At laser intensities nearing | = 1 x 1015 W/cm?, the threshold for the self-
focusing instability [Eq. (12)] isexceeded in the intense laser speckles. This
leads to areduction in the transverse correlation length of the laser light and
frequency broadening. This effect, which has become known as plasma self-
induced smoothing, could haveanimpact on parametric processessuch asthe
two-plasmon-decay instability. This figure illustrates this by showing a
longitudinal cross section of the laser intensity (in real space), nhormalized
totheaverageintensity. Thelight propagates along thezaxis, from bottom to
top inthefigure. The quarter-critical surfaceisjust beyond the region where
the self-smoothing has set in. This could have a saturating effect on the two-
plasmon-decay instability.
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the SBS signal at high laser intensity may then give valuable
information on self-smoothing. This is of broad significance
because the incoherence generated by filament instability
that is responsible for self-smoothing will affect al resonant
parametric processes.

Self-smoothing could have important consequencesfor the
TPD instability since the observed behavior of TPD electrons
seemsto suggest saturation near 101> W/cm?, whichissimilar
to the threshold of SF. The TPD instability, as inferred from
fast electrons, is also dependent on SSD bandwidth. This
dependence seems consistent with a reduction of filamen-
tation at higher SSD bandwidth. The addition of SSD band-
widthisassumed to suppress SF/filamentaion, 2223 but thishas
not been studied in the present context.

Discussion

We began by discussing the importance of large-scale
simulations in the interpretation and understanding of LPI in
ICF fusion experiments and the differences between the
indirect- and direct-drive approaches. We also outlined the
difficulties and challenges that these types of simulations
present and indicated that LPI in direct-drive plasmas has
received comparatively little attention. We have set out to
remedy this situation and have, in collaboration with LLNL,
begunto modify theinteraction codepF3D for usein modeling
direct-drive plasmas.

Thefirst pF3D results of backward SBS scattering using a
realistic inhomogeneous plasma profile, as predicted by the
code SAGE for recent LPI interaction experiments, have been
presented. These simulation results have been used to
interpret the experimental backscatter data and have repro-
duced the behavior of the blue spectral feature observed.
Future work will carefully examine the effect of SSD band-
width and polarization smoothing.

The narrow region near critical is currently treated in a
rather simple way. Thisregionisbeing studied with aseparate
codefor solving thefull wave equation. Thesetwo codescould
be integrated in the future if necessary.

A large discrepancy was found in the level of absorption
due to inverse bremsstrahlung between that calculated from
SAGE and the value obtained experimentally. The level of
ion-acoustic fluctuations near the sonic point is dependent on
the plasma reflectivity and may potentially be used as a
diagnostic for absorption. The pF3D code may be used in
conjunction with experiments to resolve this problem.
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Finally, it was demonstrated that self-smoothing will be-
come important at higher laser intensities, which will impact
all parametric processes including SBS, SRS, and TPD. It
will also modify the laser imprint. Dueto the potential impor-
tance of all these processes, the newly modified pF3D will be
used to address these issues in the very near future.
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