Optical and Plasma Smoothing of Laser Imprinting in Targets
Driven by Laserswith SSD Bandwidthsup to 1 THz

Introduction

A key issue for inertial confinement fusion (ICF)13 is the
Rayleigh-Taylor (RT) hydrodynamic instability.® In direct-
drive ICF, nonuniformitiesin thedrive laser produce pressure
variationsthat “imprint” perturbationsintothetarget. Unstable
RT growth can amplify these perturbations, resulting in suffi-
cient distortion of thetarget shell to degrade implosion perfor-
mance. Ascoronal plasmaisformed around thetarget, aregion
of thermal conduction is produced where nonuniform energy
deposition can bethermally smoothed®8 before perturbations
reach the ablation surface. A mode of laser nonuniformity
couplesto (or seeds) amode of hydrodynamicinstability up to
the time that sufficient plasma smoothing occurs, and then
imprinting ceases.® The time to produce this plasma and
decouple the laser nonuniformities from the unstable ablation
region depends on the perturbation wavel ength and the energy
deposition rate, i.e., the laser pulse shape. Fast-rising pulses
produce plasma more rapidly than slow-rising pulses and
therefore cause imprinting over shorter times.® During the
time that this plasma evolves, nonuniformities in the drive
must be minimized. To do so, many | CF target designs employ
laser-beam-smoothing techniques,10 most of which are time
dependent. These techniques are quite effective and have
produced marked improvementsin the performance of direct-
drive targets. 1

Asaresult of these smoothing effects, theamount of imprint
experienced by atarget depends on the temporal behavior of
both thelaser uniformity and the plasmaevolution. Thisarticle
describes measurements of the effect of beam smoothing and
pul se shape on imprinting, and the results are used to demon-
strate the dependence of imprinting on the plasma formation
rate. It extends the measurements described in Ref. 9 to the
higher smoothing ratesof 1-THz smoothing by spectral disper-
sion (SSD).10

Laser imprinting begins when nonuniformitiesin the laser
produce variations in the initial pressure, launching nonuni-
form shocks into the target. These shocks produce velocity
perturbations in the target that distort the shock and ablation
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fronts. (Regions of higher intensity produce stronger shocks
that propagate faster than those driven at lower intensities.)
These distortions create lateral mass flow in the shock-com-
pressed material that in turn creates differential pressuresthat
perturb the acceleration profile at the ablation surface. The RT
instability exponentially amplifies these acceleration and ve-
locity perturbations, producing additional mass perturbations
inthetarget. (Thisredistribution of masscan beresponsiblefor
degrading the target performance and is observable in many
experiments.) In addition to the above, effects such as dielec-
tric breakdown in the target and laser filamentation!? may
create target perturbations that can seed the RT instability.

Astheinteraction proceeds, more plasmaisformed and the
laser light isabsorbed at increasi ng distancesfrom the abl ation
surface. The nonuniformities in intensity continue to drive
acceleration perturbations at the ablation front, but thermal
smoothing in the intervening plasma (between the absorption
and ablation regions) reduces the magnitude of the pressure
variations that reach the ablation surface. Eventually, the size
of this conduction zone is sufficient to compl etely smooth the
pressure perturbations, and imprinting stops. The calculated
condition for the cessation of imprinting is®

kd, ~ 2, (1)

wherek isthe wave number of the imprinted perturbation and
d. is the average distance between the absorption region and
the ablation surface.13 In this article, the effect of the plasma
formation rate and beam smoothing on imprinting is experi-
mentally studied and found to be in good agreement with the
condition of Eq. (1).

Experiments on the OMEGA laser system!* measured an
equivalent surface roughness of imprinting in planar targets
using the growth of preimposed modulations for calibration.®
Thissurfaceroughnessisdefined asthe mass perturbation that
producessimilar resultant amplitudesafter thelinear RT growth
phase.l® Using this measure, the imprinting produced by
different temporal pulse shapes and beam-smoothing tech-
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niques is compared. Rapidly rising (~100 ps/decade) pulses
produce less imprint than slowly rising pulses (~2.5-ns rise
time) when no temporal beam smoothing is employed. Fur-
thermore, the effect of SSD isless pronounced for theserapid-
rise pulses. These are consistent with plasma smoothing®3
by thermal conduction and the intensity-dependent rate of
plasma production.®

Simulations!®16 that investigated imprinting have indi-
cated that, for agiven laser wavelength, theimprint efficiency
(equivalent imprint level per fractional laser nonuniformity)
depends linearly on the drive nonuniformity (i.e., dm [0 dl/I)
for theintensities relevant to direct-drive | CF. The duration of
imprinting, however, depends on the time required to produce
a sufficiently sized plasma [Eq. (1)] to completely smooth
pressure variations created by laser nonuniformities. As the
thermal conduction region grows, longer wavelengths can be
smoothed; thus, for each wavelength the duration of laser
imprinting (and therefore its total magnitude) depends on the
time required to devel op a sufficiently large conduction zone.
The plasma formation rate therefore affects the wavelength
dispersion of imprinting. For a given wavelength of interest,
imprinting ultimately ceaseswhentheconductionregiongrows
toasizablefraction of thewavelength, satisfying Eq. (1). Thus,
in order to reduce imprinting, it is also important that signifi-
cant optical beam smoothing occurs while this plasma is
forming. The experiments described below demonstrate the
interplay between these two effects.

Experiments

In these experiments, six overlapping UV OMEGA beams
irradiated 20-um-thick CH (o = 1.05 g/cm3) targets with
preimposed modul ationsat 30- and 60-umwavelengths. These
wavelengths correspond to ¢ modes of 50 and 100 on millime-
ter-sized targets, which are important for direct-drive ICF on
OMEGA. Experimentswere performed with two | aser tempo-
ral pulse shapes: a 3-ns square pulse and a 2.5-ns ramp pulse.
The square pulse had a rise time of 100 ps per decade of
intensity and an intensity of 2 x 1014 W/cm?2. The ramp pulse
rose linearly from ~1013t0 2.5 x 1034 W/cm?in 2.5 ns after a
100-psriseto~103W/cm?. For each pul seshape, experiments
were performed with and without single-cycle, 2-D SSD beam
smoothing at 0.2- and 1.0-THz bandwidths with modulation
frequencies of 3 x 3 GHz and 1.6 x 11 GHz, respectively. In
some cases, pol arization smoothing (PS) 1 wasadded by using
wedged birefringent plates.18

Thedriven targets were radiographed with x rays produced
by auranium backlighter irradiated at 2 x 1014 W/cm?. X rays
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transmitted through the target and a 3-um-thick Al blast shield
wereimaged by aframing camerawith 8-um pinholesfiltered
with 20 um of Be and 6 um of Al.1® This filtration provided
highest sensitivity at 1.3keV and aresolutionof at least 12 um.

Since the initial perturbations produced by the laser are
quite small, it is difficult to directly measure laser imprint.
M easurements often rely on RT growth to produce detectable
modulations in the target areal density. Relying on this non-
linear processasan “amplifier” makesit difficult to determine
theinitial amplitude of the seed, i.e., theamplitude of imprint-
ing. The spectrum of laser nonuniformities is determined by
the interference produced by the distributed phase plates
(DPP’s)20 and the smoothing produced by SSD. These spectra
were measured for a variety of conditions.18:21 For the DPP-
only case, the power spectrum of nonuniformities peaks at
about 6 um. SSD begins smoothing the shortest wavel engths,
almost immediately (~25 ps) producing a spectrum that first
flattens, then monotonically falls with frequency. These
nonuniformities produce target perturbations that evolve due
to dispersioninthe RT growth and saturation mechanisms. As
a result, the perturbation spectra for the various uniformity
conditionsare similar because the competing effects preferen-
tially amplify the mid-frequencies (i.e., wavelengths from
~20 to 100 um). The primary difference is the amplitude at a
given time. Smoother irradiation profiles eventually produce
features similar (albeit at later times) to those with higher
irradiation nonuniformities. This evolution was shown for
variousuniformitiesin Refs. 18 and 22 and discussed at length
in Ref. 23. As the spectra evolve, their peak moves to longer
wavelengths. For these measurement times the spectral peak
typically reaches 30 um but seldom reaches 60 um. These
wavelengthsaretherefore of great interest becausethey can be
most damaging to the target.

L ow-amplitude, single-mode, preimposed target perturba-
tions(at 30 and 60 um) wereused asa*“ control” for calibration,
from which the initial amplitude of laser imprinting was
determined. The basis of this calibration is that, in the linear
regime of RT instability, imprinted perturbations grow at the
same rate as preimposed modulations. %1524 Although im-
printing al so producesvel ocity and accel eration perturbations,
itisuseful to assign it an equivalent surface roughness (mass
modulation) to imprinting.1°

Imprint was measured in this work by the method illus-
trated in Fig. 84.1(a), which shows a plot of the amplitude of
single-mode target perturbations predicted by the 2-D code
ORCHID.25 The green curve shows the amplitude evolution
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inatarget having a60-um, single-mode mass perturbation and
driven with a spatially perfect laser. The blue curve shows a
similar evolution in an initially perfect target (no perturba
tions) driven by alaser having a single-mode intensity modu-
lation (again with 60-um wavelength). Theblue curve startsat
zero amplitude and rises asimprinting begins. At ~400 ps, RT
growth begins and the evolution of imprint amplitude is
paralel to the green curve. The RT instability amplifies both
perturbations, imposed or imprinted, in the same manner. The
equivalent surface roughness of imprinting can be deduced by
extrapolating (dashed curve) the temporal evolution of the
imprinted amplitudes (blue curve) back to t = 0 using the
behavior of the preimposed mode (green curve). In the linear
regime, modes of the same wavelength grow at the samerate,
and the ratio of amplitudes for these two modes remains
constant. Thus, an equivalent initial amplitude for imprinting
can be deduced by comparing (after some RT growth) the
amplitude of the imprinted mode to a preimposed mode of
known initial value. Figure 84.1(b) shows the result of an
experiment23 where atarget with a preimposed 60-um pertur-
bation was driven by a laser with 0.2-THz SSD without
polarization smoothing. Theupper two curves show theampli-
tude of theimposed modul ationsintwo different experiments:
one with an initial amplitude of 1250 A and the other with
500 A. The lower curve is the amplitude of the imprinted
modes (at the same wavelength) for six different experiments.
All experimentswere performed under similar laser and target
conditions.2326 The points at the lower left have large error
bars because the signal is very near the noise level.

Since the imposed and imprinted perturbations grow at the
same rate, the upper two curvesin Fig. 84.1(b) are parallel to
the lower curve. The ratio of the amplitudes for the two
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preimposed modes (initial amplitudes of 1250 A and 500A) is
constant and equal to their ratio at t = 0, showing that the RT
growth isin the linear regime. This method requires that, for
the modes of interest, the RT instability remain in the linear
regime and that they experience no saturation or nonlinear
effects.2’ Saturation of RT growth is discussed at length in
Refs. 23 and 26, whereit was shown that at A =60 um, both the
single-mode and the imprinted perturbations behaved linearly
for the experimental conditions and observation times de-
scribed in this article. For this experiment the 30-um-wave-
length imprinting data was measured before the onset of its
saturation as observed in Refs. 23 and 26.

The amplitude of the equivalent surface roughness for a
specific wave number is defined as®

Peq(k.0) = Armprint (k1) Apre(k. )] Ape(k,0), (2

where Ajyprint(kit) isthe measured amplitude of theimprinted
features, Ape(kit) is the measured amplitude of the preim-
posed modulation, and Ay¢(0) is the known initial amplitude
of the preimposed modulation. A measure of imprint effi-
ciency,1® which can be readily compared to simulations, is
1 (K) = Agq(k,0)/(31/1), where A1/l isthe measured fractional
irradiation nonuniformity at the same wavelength.

Theamplitudesof the perturbationsare obtained by Fourier
analysis of the x-ray radiographed images.l® The Fourier
amplitudeof theimprinted featuresat agivenwavelengthisthe
rms of all mode amplitudes at that wavelength, i.e., those
modes at agiven radius (centered at zero spatial frequency) in
spatial-frequency space (the contribution of the preimposed
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E9502

LLE Review, Volume 84

175



OPTICAL AND PLASMA SVIOOTHING OF LASER IMPRINTING IN TARGETS

modulation isnot included). The features of interest at 30 um
and 60 um are easily observed by the camera, which has
~15-um resolution.

The preimposed single-mode modulations appear aslocal-
ized featuresalong asingle axisin the Fourier planeand at the
spatial frequency of their modulation. The time-dependent
amplitude of the preimposed mode is obtained by subtracting
(in quadrature) the rms amplitude of the imprinted modes at
thesametime. Theanalysisbox is~300 uminthetarget plane;
thus, in Fourier space, the pixel sizeis~3.3 mm™L. (The box
sizeisoptimizedto ensurethat all the power inthepreimposed
modeiscontainedinasinglepixel ineach Fourier half-plane.)

For these experiments a variety of beam-smoothing tech-
niqueswere used. A single-beam laser withaDPPand no SSD
provides a static speckle pattern with ~80% to 100%
nonuniformity in wavelengths from 2 um to 250 um.2! The
speckle results from the interference of many beamlets pro-
duced by diffraction in the DPP optic. The speckle pattern is
statistical in naturewith asufficiently short correlation length
that multiple overlapped beams can be treated as statistically
independent patterns. Thus six-beam irradiation reduces this
nonuniformity to /6 timeslower than thesingle-beam value.
Additional beam smoothing is provided by SSD, which, by
introducing bandwidth onto the laser, produces a statistically
independent speckle pattern every At = t., wheret. ~ JAvis
the correlationtimeand Avisthe UV laser bandwidth.10 SSD
does not reduce nonuniformities instantaneously, rather the
time-averaged rms uniformity is reduced by 4/t;/(t), where
(t) isthe averaging time. Thus, the drive uniformity istime
dependent and varieswith the amount of bandwidth appliedto
the laser. These experiments were performed with one of two
laser bandwidths, either Av = 0.2 THz;, or 1.0 THz . (All
experiments with SSD used two-dimensional SSD.) In the
former casethe | R bandwidthswere1.25A x 1.75A andinthe
latter case1.6 A x 11 A. In some cases, polarization smoothing
(PS) using birefringent wedges!® was added to the drive
beams. Polarization smoothing providesaninstantaneous /2
reduction in nonuniformity by dividing each beam into two
orthogonal polarizations that are separated by 80 um in the
target plane.18

Figure 84.2 shows the equivalent surface roughness (in
um) of imprinting measured at 60-um wavelength for aseries
of shots that used a 3-ns sgquare pulse with four different
smoothing conditions (all with similar drive intensities). The
temporal axis is the time at which each measurement was
taken. These data separate into distinct sets associated with
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each uniformity condition and are constant in time. Both these
observations are expected and confirm the utility of this tech-
nique. Whenthegrowth of theimprinted featuresisinthelinear
regime, their amplitude should remain a constant fraction of
that of the preimposed mode, leading to a constant inferred
surface roughness. This quantity’s dependence on the initial
uniformity produced by the various beam-smoothing tech-
niquesindicatesthe sensitivity of themethod. For example, the
addition of polarization smoothing (diamonds) to the 0.2-THz
SSD experiments (blue sgquares) reduced the equivalent sur-
face roughness by the expected factor of /2. Similarly, the
increase in the SSD bandwidth from 0.2 (blue squares) to 1.0
(x’s) THz without polarization smoothing reduced the equiva-
lent surface roughness by ~0.60. Thisisthe reduction expected
from model s of the optical smoothing by SSD (seebelow). The
results for all conditions are listed in Table 84.1.
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Figure 84.2

The equivalent surface roughness (in pm) at 60-um wavelength derived from
planar targetsdriven by laser beams having a3-ns square pul se and four types
of beam smoothing applied: DPP only (red squares), DPP + 0.2-THz SSD
(blue squares), DPP+0.2-THz SSD + PS (diamonds), and DPP + 1-THz SSD
(x’s). The data segregate according to the laser nonuniformity with the total
amount of imprinting decreasing with increased beam smoothing.9

The effect of pulse shape on imprinting was studied by
repeating these measurements with a slowly rising pulse,
i.e., with a~2.5-nsrise to the maximum intensity. Figure 84.3
shows the equivalent surface roughness as a function of time
for the two pul se shapes, each with and without 0.2-THz SSD.
Againthedatagroup accordingto laser conditions (pul se shape
or SSD) and exhibit an approximately constant value over a
considerable time.
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These data show that without SSD the ramp pulse (red
triangles) producesabout 50% moreimprinting (rougher equiva
lent surface) than the square pulse (red squares). They also
indicate that 0.2-THz SSD produces a greater reduction of
imprinting (~2.5x) on the ramp pulse (blue triangles) than for
the factor of 2.2 observed for the sguare pulse (blue squares).
Similar experimentswere performed using preimposed modu-
lationswith A = 30 um.

The imprint efficiency was calculated for the experiments
without SSD usingthesingle-beamirradiation nonuniformities
reported in Ref. 21. The uniformity results were scaled by the
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Figure 84.3

The deduced equivalent surface roughness of the imprinted features (at
60 um) for two pulse shapes: 3-ns square (sgquares) and ramp (triangles).
Thesedatashow that for the samelaser nonuniformity, aramp pulse produces
more imprinting. The blue and red symbols correspond, respectively, to
each of the pulseswith and without 2-D SSD. They indicate that the effect of
SSD is greater for the ramp pulse.9
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differences in analysis boxes between the x-ray radiography
(L =300 um; Ak = 0.021 um™1) and the optical experiments
(L = 440 pum; Ak = 0.0143 um™1). In addition, the values
obtained in Ref. 21 were reduced by +/6 since these experi-
mentsutilized six overlapped beams. Thus, 81/l was0.0068 for
30 umand 0.0049 for 60 um. L astly, afactor of 2wasincluded
to relate the complex amplitude for dl/l to the equivalent
surface roughness, which wasnormalized using areal (cosine)
function. The measured imprint efficiencies are shown in
Table84.1. Sincethe SSD producestime-varying uniformity, it
isdifficult to assign a single number to the uniformity; there-
fore, the imprint efficiency is not quoted for those cases. The
effect of SSD will be discussed below.

Asdiscussed above, the duration of imprinting depends on
the time required to produce sufficient plasma atmosphere to
enable smoothing. As a result, the ramp pulse imprints for a
longer durationthanthesquare pulsebecauseit deliversenergy
at aslower rate and therefore generates the smoothing plasma
more slowly. Thus the ramp pulse will imprint for a longer
duration, leading toahigher equival ent roughness. Theimprint
efficiencies measured here are lower, as expected, than those
observed by Glendinning et al.2428 using an even slower rise
and lower-intensity ramp pulse.

Simulations of Imprint and Plasma Smoothing
Theexperimentsweresi mulated withthe2-D hydrodynam-
ics code ORCHID to determine the predicted imprint effi-
ciency and the effects of plasma smoothing. The imprint
efficiencies were calculated by imposing a single-mode
nonuniformity in the laser irradiation. The evolution of the
resulting perturbations was compared to that of preimposed
mass perturbations at the same wavel ength. The experimental
temporal pulse shapes were used in the simulations. The
simulation results shown in Table 84.1 are in reasonable

Table 84.I: Equivalent surface roughness and imprint efficiency for various conditions.

Imprint Efficiency: @mp)/(d/1) (um)
Pulse-Shape Uniformity | Equivalent Surface Roughnegsr() Experiment Simulation

60 um ' 30um 60um ' 30um 60um 30um
Square (no SSD) 0.03R05 0.022004 3.304 1.60.3 1.7 1.1
Ramp (no SSD) 0.04908 0.023005 5.20.6 1.#0.4 3.1 2.3
Square (0.2-THz SSD) 0.01303 0.01@003 '
Ramp (0.2-THz SSD) 0.0¥D05 0.01*004
Square (1-THz SSD) 0.080.0018 ; 0.004#0.0015
Ramp (1-THz SSD) 0.01@98.0022 0.00540.0019
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agreement with the measured values. Similar imprint efficien-
cies were calculated with the 2-D hydrodynamics code
LEEOR.29 The 2-D simulations underestimate the imprint
efficiency at 60 um, similar to the observationsof Glendinning
et al.2428 For the 30-um perturbations, the simulations also
underestimatethesquare-pul sedatabut overestimatetheramp-
pulse data.

The inherent real surface roughness of these foils (trans-
verse to the imposed modulations) was measured to be less
than 1% of theimposed mode and, therefore, did not contribute
significantly to the error in the measurements of either the
imprinted or the imposed modes. The measured signal for the
preimposed mode also has a contribution from the imprinted
signal at that distinct mode. Since the relative phase of these
two signals is arbitrary, the resultant signal can vary signifi-
cantly when theimprint isasizablefraction of the preimposed
mode.To minimize this effect, the imprinted modes were kept
below 30% of the imposed mode by increasing the amplitude
of the imposed modes on shots without SSD. Most experi-
ments were performed with the imprint between 0.1 and 0.25
of theimposed mode. Thisrepresented atrade-off between the
noises from either too low a signal in the imprinted modes or
that affecting determination of theimposed mode, while keep-
ing both signal s below the saturation limits.

The effect of plasmaformation rate on thermal smoothing
of nonuniform energy deposition was investigated using
ORCHID. Figure 84.4 shows the calculated amplitude of
pressure perturbations (solid curves) at the ablation surface as
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Figure 84.4

The calculated amplitude of 60-um perturbations (solid curves) in the
pressure at the ablation surface as a function of time. The size of the
conduction zone (dashed curves) as afunction of timein CH targets driven
by the square and ramp pulses. These graphs show that, for 60-pum perturba-
tions, decoupling occurs at 290 ps for the square pulse and 450 ps for the
ramp pulse.9

a function of time for two cases: a ramp pulse and a square
pulse, both without SSD. In these simulations a static 60-um-
wavelength, 5% spatial-intensity modulation wasimposed on
the irradiation profile. The pressure perturbations that reach
the ablation surface diminish asthe plasmaexpands. Note that
for the ramp pulse, the smoothing rate is slower and the
perturbations persist for alonger period. The temporal evolu-
tion (dashed curves) of the normalized conduction zone (kd.)
for the two pulse shapes is also shown. Thisis defined as the
distance between the ablation surface and the mean of the
energy deposition profile as weighted by a diffusion length
e* and is normalized to the wave number.13 (The energy
deposition profile must also be accounted for since consider-
able smoothing can take placein the plasmaregion outsidethe
critical surface.) Imprinting ceases when pressure perturba-
tions at the ablation surface are reduced to negligible levels.
Figure 84.4 showsthat for both pul se shapesthis occurswhen
kd.~ 2, providing ameasureof thedecoupling timefor thecase
of constant uniformity (no SSD). This analysis has also been
applied to other wavel engths and both pul se shapes, and found
to confirm that kd; ~ 2 isthe applicable condition. Figure 84.5
shows the simulations of the normalized smoothing length
(kd.) as afunction of time for the square (dashed) and ramp
(solid) pulsesfor three wavelengths: 30, 60, and 120 um. The
solid points indicated the time at which the modulations in
ablation pressure diminish to zero for each case. This occurs
for kd; ~ 2 for al six cases. As the plasma evolves, shorter
wavelengths are smoothed sooner than longer wavelengths;
this in part determines the dispersion in wavelength of the
imprint efficiency. Thus, for the broad spectrum of laser
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Figure 84.5

Simulations of the normalized smoothing length (kd¢) versustimefor square
(dashed) and ramp (solid) pulses. The points indicate the time at which the
modulationsin ablation pressure diminish to zero. Perturbations with wave-
lengths of 30, 60, and 120 um are all smoothed when kd¢ ~ 2.
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nonuniformitiespresent inlaser speckle, the short-wavelength
modesaresmoothedfirst. Thesemodesal so havefaster growth
ratesand experience saturation sooner thanlonger-wavelength
modes. In contrast, thelonger-wavel ength modesare smoothed
less, but also grow at slower rates. As a result, intermediate
wavelengths (¢ modesof 50to 100 on millimeter-sized targets)
becomedominant and, therefore, are of most concernfor target
stability. The calculated decoupling times for 60-um wave-
lengths were found to be 290 and 450 ps for the square and
ramp pul ses, respectively. For 30-umwavel engths, the respec-
tive times were 190 and 270 ps.

Decoupling and the Dynamics of Smoothing

Plasma smoothing and decoupling of imprinted pertur-
bations are confirmed experimentally by analyzing experi-
mentswith time-dependent beam smoothing. By matching the
observed reduction of imprinting to the smoothing rate of
SSD, the effect of therma smoothing by the plasma atmo-
sphereisobserved. Figure 84.6 showstheimprint reduction[at
(a) 60-umand (b) 30-umwavel engths] asafunction of timefor
SSD bandwidths of 0.2 (red solid points) and 1.0 (blue solid
points) THz . In each, the curves are the irradiation non-
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Figure 84.6

Thenormalized nonuniformity [(a) for 60 um and (b) for 30 um] as predicted
by the optical model (curves) with the measured reductions in imprint for
0.2 THz (solid points) and 1 THz (shaded points) for square (squares) and
ramp (triangles) pul seshapes. The predictionsby ORCHID areshown asopen
points (similarly identified).
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uniformity (normalized to that at t = 0) predicted by an optical
model2! (basically a 1/+tAv dependence). The points are the
measurements of the reduction inimprinting dueto SSD. This
reduction is calculated by normalizing the SSD data to mea-
surements without SSD. Reference 21 demonstrated that the
optical model accurately predicts the smoothing rate and the
ultimateuniformity achievedwith 0.2-THz SSD (red curve). It
isexpected that it representsthe performance of 1.0 THz (blue
curve) as well. The imprint data are plotted at the calculated
decoupling times described above. The square-pulse data
(squares) are shown for 0.2 THz (red points) and 1.0 THz
(blue points). The ramp-pulse data (triangles) are similarly
coded for SSD. The predictions (open symbols) are shown
dlightly displaced in time for clarity. Figure 84.6 shows that
(2) for 60 um the calculated decoupling times are consistent
with the optical dataand (2) the hydrocode models the effect
of SSD andtheplasmaproductionrate (pul seshape) quitewell.
The 30-um data for the ramp pulse are above both the optical
smoothing rate and the hydrocode results, i.e., the reductions
are less than expected. This may be caused by the imprinting
measurement for the no-SSD, 30-um case (denominator for
reduction calculation) being too low. A possible mechanism
for errorinthemeasuredimprintistheonset of saturationinthe
imprinted (3-D) modesthat hasnot yet affected the preimposed
(2-D) modes. Reference 23 showed that for these conditions
the 30-um perturbati onscan experiencesaturationif theampli-
tudes are high enough. Furthermore, the ramp pulse, because
of itslatedecoupling time, imprintsmorereadily and therefore
would be most susceptible to saturation. Unfortunately, the
spread in datadoesnot allow itstemporal trend to be discerned
with precision and saturation cannot be easily detected.

Conclusion

Using preimposed modulations on planar targets to cali-
brate imprinting amplitudes, this work has confirmed
imprinting’s expected dependence on drive-laser nonunifor-
mity, showing the utility of the equivalent-surface technique.
It has demonstrated that imprinting depends on the temporal
shape of the drive laser. This occurs because thermal smooth-
ing in the coronal plasma ultimately limits the duration of
imprinting and therefore its total amplitude. Once there is
sufficient plasma, the pressure perturbations no longer reach
the unstable ablation surface and imprinting stops. Steeply
rising pulses produce plasma more rapidly than slowly rising
pulses and therefore produce lessimprinting. The simulations
of thestatic cases(DPP’sonly) show behavior that isconsistent
with the decoupling times predicted for these conditions.
Moreover, using the dynamic case of 2-D SSD, the improve-
mentsin uniformity inferred by measuring imprint are consis-
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tent with both the measured rate of smoothing by SSD and the
decouplingtimespredicted by thehydrocodes; they alsoverify
the predictions of Eq. (1). The increase in laser bandwidth to
1 THz has produced reductionsin the imprint level that agree
with expected performance. These results provide confidence
in our ability to model and control imprinting in direct-drive
| CF targets.
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