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Comparison of Drive-Seeded Modulations in Planar Foils for 0.35 and 0.53mm Laser Drive
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Laser-speckle-seeded modulations in laser-driven targets have been observed with the Nova laser
using 0.53 and0.35 mm drive. The0.35 mm drive produced larger modulations (equivalent to3.3 mm
rms surface finish) than0.53 mm drive (2.0 mm rms). The laser intensity was,1013 Wycm2, similar
to that suggested for directly driven ignition targets during the first several ns. LASNEX simulations
of this thermal smoothing effect in both the rms and spectrum agree with the0.53 mm drive data, and
are about 15% lower than the measured results with0.35 mm drive. [S0031-9007(98)05453-2]
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Successful implosion of a capsule by ablating the s
face material (inertial confinement fusion or ICF) require
efficient energy absorption into the material. An obviou
solution is to directly illuminate a pellet surface with lase
light (or a particle beam). It has been recognized for som
time that shorter wavelengths of laser light are more e
ciently absorbed [1,2], and most of the research into dir
drive fusion is currently concentrated in UV laser wav
lengths, typically0.35 mm (frequency tripled Nd glass) [3]
or 0.25 mm (such as KrF) [4]. The problem with direc
drive ICF is the difficulty of achieving the required uni
formity of illumination; spatially nonuniform laser light
leads to nonuniform ablation pressure, which produce
spatial modulation at the ablation surfaceszad. This sur-
face is Rayleigh-Taylor unstable, and a modulation seed
by nonuniform laser light grows just as one seeded
an initial surface modulation [5]. It has been predicte
[6] that laser nonuniformities will be smoothed by elec
tron conduction (thermal smoothing) between the laser
position surfaceszdd and the ablation surface, roughly a
exps2Dkd, wherek is the spatial wave number for a modu
lation andD is zd 2 za. However, theory [7] also indi-
cated thatD is less for short laser wavelengths than fo
long; hence, the most efficient laser drive seeds the larg
modulations and requires the most uniformity. Our expe
mental observations showed an increase in the modulati
due to the drive when the laser wavelength is reduced.

We compared the modulations in areal density in a f
driven with either a0.35 mm (blue) or a0.53 mm (green)
laser using one beam of the Nova laser. The drive bea
were smoothed by random phase plates [8] (RPPs) wh
produced a well characterized, static spatial distribution
each color. We examined the modulations in each cas
the shock transit time in order to eliminate the complicatio
of Rayleigh-Taylor growth.

We performed our experiment in planar geomet
(Fig. 1) to use the technique of time and space resolv
radiography to infer variations in areal density in a fo
from the modulation of a uniform x-ray backlighter. A
904 0031-9007y98y80(9)y1904(4)$15.00
ur-
s
s
r
e

ffi-
ect
e-

t
-

s a

ed
by
d
-

de-
s
-

r
est
ri-
ons

oil

ms
ich
for
e at
n

ry
ed
il

second beam of the Nova laser (also smoothed with
random phase plate) incident on a uranium foil produce
the thermal x-ray backlighter. We made the driven foil
of polyethylene (CH2, r ­ 0.95 gycm3) 30 mm thick,
mounted across a750 mm diameter hole in a Mylar
washer, and protected from lowhn x-ray flux from the
backlighter by12 mm of Be. The foils had an initial
single-mode surface perturbation (50 mm wavelength and
2 mm initial amplitude) molded into the plastic on the
driven side in order to calibrate the observed optical dep
modulation due to drive laser speckle to an equivale
initial surface finish (Ref. [4]). We imaged the foils with a
gated pinhole camera [9] using an array of10 mm pinholes
which produced twelve radiographs of the foil at differen
times, each with a duration of 100 ps. The uncertainty
absolute timing is about 200 ps. Because the two bea
were opposed, it was not possible to view the foil exact
face on. The angle between the foil motion and the pinho
line of sight was 16± (no correction for this 4% distortion
was made).

FIG. 1. Experimental configuration. The typical image show
the 50 mm wavelength calibration mode running vertically.
© 1998 The American Physical Society
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The images att ­ 1.9 6 0.2 ns represent the imprint
at the shock breakout timets. (There were five images
from two separate shots for the0.35 mm drive and four
images from two shots for the0.53 mm drive within
200 ps of this time.) After this time, Rayleigh-Taylo
growth of the modulations is expected to dominate ov
any further imprint. We chose300 mm square (in the
object plane) sections of each image for analysis. W
converted each frame to film exposure, removed the lo
scale length backlighter structure by dividing out a seco
order two-dimensional fit, removed the pure calibratio
mode at50 mm with a numerical filter, and removed high
frequency noise with a parametric Wiener filter [10]. Th
negative of the natural logarithm of the result is equivale
to optical depthstd, and because the opacity of the shoc
heated material is nearly cold opacity (at the backligh
peak hn of 1 keV), the optical depth is proportional to
areal density. The resulting square sections for two fram
are shown in Figs. 2(a) and 2(b), contrasting blue (a) a
green (b) drive. The two-dimensional power spectra (w
mode zero at the center) were integrated for values of mo
numberjmj, i.e.,

Psmd ­
Z 2p

0
fjT sjmj, udjg2 du , (1)

where P is the power spectrum,T is the Fourier trans-
form of t, jmj is the magnitude of the mode numbe
(300 mmywavelength inmm), andu is the angle in Fourier
space. When the Fourier transform is converted fro
Cartesian to polar coordinates, modes withm 2 0.5 ,

m # m 1 0.5 are taken to be modem. The azimuthal
integrals of the two-dimensional power spectra, averag
over all the frames, is shown on the left-hand axis in Fig.
It is preferable to make measurements of an imprint befo
nonlinear saturation effects complicate the interpretation
the calibration mode. We estimate the onset of nonline
saturation to occur according to Haan [11] when the a
plitude of the total modulation is greater than one-tenth
the wavelength. The conversion of optical depth mod
lation to spatial modulation may be estimated from th
known (cold) opacity of the foil and the calculated densi
at ts s2.8 gycm3d. Thus the 0.26 optical depth modulatio
for the 50mm calibration mode is about 1.8mm and, for
the blue drive imprint between modes 4 and 8, 0.35 in op
cal depth is 2.5mm, for a total modulation of 3.1 (added in
quadrature). Therefore we infer that around 50mm (mode
6) the modulation is still linear. In addition, nonlinear e
fects are predicted [12] to become important when the a
plitude of the second harmonic is approximately 0.3 tim
the amplitude of the fundamental. The amplitudes for t
fundamental and second harmonic were0.26 6 0.03 and
0.04 6 0.01 for a ratio of 0.15 (reduced from 0.25 by in
strument blurring), so again we conclude the calibrati
wavelength is not significantly affected by saturation.

The laser pulse shape for these experiments wa
2 ns ramp from about5 3 1012 to 1.5 3 1013 Wycm2 (to
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FIG. 2. Numerically processed radiographs of foils at sho
breakout with (a)0.35 mm light and (b) 0.53 mm, both at
t ­ 1.8 6 0.2 ns. The images are300 mm 3 300 mm; the
gray scales are the same. The darker regions represent
areal density (bubbles).

2 3 1013 Wycm2 for the green drive). The drive lase
at 1.06mm was either frequency doubled or tripled t
produce the green or blue drive. We did not put addition
bandwidth on the Nova laser (the pulse is transform limit
with an inherent bandwidth of about3 3 1024 THz),
so the illumination patterns are fixed in time with
normalized standard deviation [ssIdykIl, where I is the
intensity] of 1.0 in both cases. The characteristic spec
size of a laser beam with a circular near field illuminatin
an RPP is given by2.44fl, where f is the f number
of the focal lens andl is the laser wavelength. The
green beam was apertured tofy11 and smoothed with
an RPP, giving a characteristic speckle size of 14mm
and a spot size of 1 mm. The blue beam was apertu
1905
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FIG. 3. Imprinted power spectra from radiographs for blu
and green drive, shown in (optical depth)2/mode (left axis),
also, laser power spectra (right axis). Most of the laser pow
does not appear in the measured imprint.

to fy15.6 and smoothed with an RPP giving the sam
spot size and a speckle size of 13mm. (Had the same
f number been used for both drives, the blue drive wou
have smaller characteristic speckles, which would unde
more thermal smoothing, thus reducing the observed b
imprint.) Both RPPs had hexagonal phase plate eleme
with the elements 2 mm across for the blue drive and 3 m
across for the green. The (circular) laser spot produc
round speckles, and the speckle pattern is isotropic for
two dimensions perpendicular to the foil motion. The two
dimensional power spectra of the laser speckle patte
and the imprint are thus azimuthally symmetric, so mo
of the information is contained in an azimuthal integr
of the power spectrum. The azimuthal integrals of th
power spectra of the speckle patterns (calculated in
similar fashion to the integrals ofT ), averaged over severa
300 mm square regions, are plotted on the right-hand a
in Fig. 3. The power spectra for the two drive colors we
essentially identical. Note that the theoretical spectral lim
for the power spectrum isfl, or mode 52 for the green and
mode 55 for the blue.

In comparing the blue to green seeding, we were co
cerned that the increased efficiency (higher ablation pr
sure) of the blue drive might affect the growth durin
the shock transitsts ­ 1.9 nsd, resulting in a measuremen
which was dominated by different hydrodynamics of th
two drive colors rather than the seeding. We simulated
experiment with one-dimensional LASNEX [13] and pre
dicted the same shock transit time for the two drive colo
at the measured irradiances. In addition, we examined
growth of the surface calibration modes, and found t
same growth factor within experimental error,2.4 6 0.5
(blue) and 2.7 6 0.4 (green). We concluded that the
higher efficiency of the blue drive was compensated f
by the higher intensity of the green drive.

The foil driven by the blue laser shows significantl
more structure than the green. It is useful to define
1906
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equivalent surface finish as the surface modulation wh
would have produced the same modulation in optical de
as the imprint produced. This may be determined from
50 mm calibration mode by

heqsskx , kyd ­
hODskx , ky , td

hODs0, 2py50, td
3 2 mm , (2)

where heqs is the equivalent surface finish amplitude
hODskx , ky , td is the measured modulation in optical dep
at a given time and spatial frequency,hODs0, 2py50, td is
the measured modulation in optical depth of the 50mm
calibration mode, and 2mm is the initial amplitude of the
50 mm calibration mode. This establishes the equivalen
of the rms modulation (due to the laser imprint) to an in
tial surface rms in microns. For the blue drive this equiv
lent surface finish is3.3 6 0.2 mm at the time of shock
breakout and for the green it is2.0 6 0.2 mm. We simu-
lated the imprint with two-dimensional LASNEX, using
a 300mm profile of the RPP smoothed beam. LASNE
predicted 2.8 and 1.7mm equivalent surface finish for the
blue and green drive. We attribute this increased impri
ing of nonuniformities with blue drive as opposed to gre
to be caused by the reduced distancesDd between the mean
laser deposition position and the ablation front for bl
drive. Our LASNEX simulations predict that the differ
ence betweenD for green toD for blue drive varies be-
tween 2mm at 0.1 ns and 50mm at 2 ns.

It is also useful to define an imprint efficiency for a give
drive temporal history and material as the ratio of the im
printed equivalent surface in microns to the laser mod
lation in intensity. This imprint efficiency as a functio
of spatial wavelength is shown in Fig. 4. We simulate
pure modes of sinusoidal laser modulation in LASNE
and the derived imprint efficiencies for these modes
also shown in Fig. 4. In order to compare the data w
the pure modes simulated in LASNEX, the data (measu
imprint and measured laser modulation) were multipli

FIG. 4. Imprint efficiency for 0.35 and0.53 mm drive, as
measured and as predicted by LASNEX with and witho
instrument modulation transfer function.
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by a Hanning window before taking Fourier transforms t
avoid introducing artificial power from boundary disconti
nuities in the data. The fundamental mode at 300mm is
then lost. The data show a peak in imprint efficiency ne
mode 4 for the blue drive, and appear to still be increasi
at the lowest mode measured for the green drive. It is po
sible to introduce an artificial peak in the imprint efficienc
if the instrument is incapable of resolving modulations a
higher modes. The modulation transfer function (MTF
of the system is nearly Gaussian, dropping to 0.5 at mo
12 (25mm). The LASNEX simulations are shown both
before and after convolution with the instrument MTF
The simulation convolved with the MTF agrees well with
the data above mode 6. While LASNEX predicts the in
strument MTF to reduce the observed efficiency at mod
above about 10, the peak efficiency for both drive colo
is not shifted and is simulated to be near mode 6 (50mm),
with or without the instrument MTF.

The position of peak imprint efficiency is affected by
two things, the creation of the rippled shock front by th
laser modulation and the continuing evolution of the mod
lated shock front as it propagates through the material.
described above, the higher modes will be smoothed mo
effectively by the thermal smoothing, resulting in an im
print efficiency which is less for higher modes, and les
overall for green than for blue drive. In addition, in the
linear regime, the shock front amplitude has been show
[14] to oscillate, with phase inversion occurring when th
foil thickness is approximately the same as the waveleng
The total areal density modulation measured here will th
show less growth for higher modes (shorter wavelength
This effect should be the same for the blue drive as t
green. We observe (for the blue drive) and simulate (f
both) that the measured imprint efficiency increases wi
increasing mode number up to mode 4. This tendency h
been described [15] to occur for wavelengths significant
longer than the separation of the absorption surface fro
the ablation front. For these wavelengths the increas
material flow required to impart the same areal densi
modulation for a longer wavelength reduces the imprint e
ficiency. The slight discrepancy with LASNEX (the pea
is observed at smaller modes for both the blue and gre
drive) may indicate that the energy is deposited at distanc
somewhat farther from the ablation surfaces than indicat
by LASNEX.

In summary, we have observed the effect of varyin
the drive laser wavelength on the imprint in a plasti
foil, and we see that shorter laser wavelengths do,
fact, produce more imprint. The imprint is equivalen
in magnitude to a 3.3mm initial surface finish for blue
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(0.35 mm) drive and to 2.0mm initial surface finish for
green (0.53mm) drive. LASNEX gave a predicted value
for the equivalent surface finish which was slightly lowe
than that observed. The imprint efficiency spectrum wa
found to decrease at shorter wavelengths in both cases d
to thermal smoothing.

This work was performed under the auspices of the U.
DOE by the Lawrence Livermore National Laboratory
under Contract No. W-7405-ENG-48.
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