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Nonuniformities in Planar Targets

V.A. Smalyuk!* T.R. Boehly! D.K. Bradley! V.N. GoncharoV, J. A. DelettreZ, J. P. Knauet,
D.D. Meyerhofer,*-" D. Oron? and D. Shvarts
"Laboratory for Laser Energetics, University of Rochester, 250 East River Road, Rochester, New York 14623

2Department of Physics, Nuclear Research Center Negev, Beer-Sheva, Israel
(Received 4 September 1998

The Rayleigh-Taylor evolution of 3D broadband perturbations seeded by 351-nm laser nonuniformi-
ties was measured in accelerated planar targets using x-ray radiography3dteV. Fourier analysis
shows that the pertubations evolve to longer wavelengths with shorter wavelengths saturating. The
saturation amplitudes and rates of growth of 3D features are consistent with the predictions of Haan
[Phys. Rev. A39, 5812 (1989)]. [S0031-9007(98)07891-0]

PACS numbers: 52.35.Py, 52.50.Jm, 52.70.La

In inertial confinement fusion (ICF), the Rayleigh- camera produced eight temporally displaced images of
Taylor (RT) instability can amplify target perturbations ~80-ps duration and magnification of 14. The measured
sufficiently to disrupt the implosion and degrade its per-target optical depth (OD) is obtained from the natural
formance [1]. These perturbations can result from existlogarithm of the intensity-converted images captured on
ing target imperfections or, in the case of direct-drive ICF,Kodak T-Max 3200 film.
also from laser imprinting [2]. To achieve high-gain ICF, The primary experiment involved six shots, performed
one must control laser imprinting and the hydrodynamicwith identical drive conditions and radiographs obtained
stability of the targets [3]. In addressing the latter, targefat different times. For each shot, up to six images of the
designs rely on the predicted saturation of unstable growteame area of the target were processed wid@& pum
by nonlinear effects. It is therefore critical to the successanalysis box. These images were acquired during the
of ICF that this saturation be measured and understoodime interval from 1.5 to 2.8 ns after the beginning of
In recent years, several models have been developed the drive. The backlighter shape was removed by sub-
explain nonlinear broadband RT evolution in Fourier [4—tracting a fourth-order, two-dimensional envelope fit to
9] and real [9-11] space. Some multimode nonlineadata. The resulting images are the measured modulations
behavior has been measured in indirect-drive RT experief optical depthD,,(f). Using the measured system reso-
ments with preimposed 3D multimode initial perturbationslution, noise, and sensitivity, we applied a Wiener filter
in planar targets [12,13]. Signatures of nonlinear behavto remove the noise from the images and deconvolved the
ior have been measured in several works [2,14—-16] usingystem’s modulation transfer function to recover the tar-
laser imprint as the initial perturbation for RT growth, but get's areal density modulatior3;(f) [19]. The noise in
only qualitative analysis of broadband saturation effectédhese measurements is determined by the photon statistics
was shown. We present the results of experiments wheraf the backlighter x rays, and the system resolution is lim-
3D broadband imprinted features exhibit growth that satuited by the8-um pinhole. Three fully processed images
rates at amplitudes consistent with the model of Haan [4]of the target optical depth at 1.9, 2.3, and 2.4 ns are shown
We believe this is the first clear demonstration of such bein Fig. 1 for one of the six shots. It has been found that
havior in conditions relevant to ICF. nonuniform shocks can produce areal density modulations

In our experiment, initially smooth,20-um-thick  (in the bulk of a target) which are comparable to those
CH targets (p = 1.05 g/cn?) were irradiated at
2 X 10" W/cn? in 3-ns square pulses by five overlap-
ping UV beams. To enhance the on-target uniformity,
all five beams had distributed phase plates (DPP’s)
[17], smoothing by spectral dispersion (SSD) [18], and
distributed polarization rotators (DPR’s) [2]. The targets
were backlit with x rays produced by a uranium back-
lighter irradiated at~1 X 10'* W/cn? (using twelve
additional beams). X rays transmitted through the target ) ] ,
and a3-um-thick aluminum blast shield were imaged by FIG. 1. Fully processed subimages (with a box size of

! . . . 100 um) of the target optical depth captured at (a) 1.9,
8-um pinholes on a framing camera filtered withum (b) 2.3, and (c) 2.4 ns for one of the six shots taken with laser

of aluminum. This yielded the highest sensitivity for conditions that include DDP's, SSD, and DPR’s. The evolution
an average photon energy ofl.3 keV. The framing in time to longer-scale structures is evident.
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from the amplitude modulation at the ablation surfacepattern produced by DPP’s and SSD [22]. The evolu-
[20]. However, after about-1 ns of drive, modulations tion of this spectrum (plotted as the average amplitudes
with spatial frequencies in the region ®0-100 mm~!'  versus spatial frequency for seven different times be-
(where these measurements are performed) experient@eent = 1.3 to 2.2 ns) is simply modeled by applying
sufficient RT growth to dominate any density modulationthe growth-rate dispersion relation [Eq. (1)] and the satu-
produced by nonuniform shocks. The measured modurtion level [Eq. (2)], where the target acceleration was
lations therefore represent the amplitude at the ablatiog = 50 wm/ng’, ablation velocityV, = 2.5 um/ns, and
surface well. the nonuniformity’s s = 0.03 um. The amplitudes

In the linear regime of the RT instability, each individ- are converted to target optical depth by dividing by the
ual mode grows exponentially at a rate determined by measured, spectrally weighed, attenuation length=

the dispersion relation [21] 10 = 2 um and multiplying by the simulated compres-
sion of the target (about 2 for times from 1.6 to 2.6 ns).
y=a _ ke BkV, (1) The high-frequen.cy modes grow most rapidly and satu-

1 + kL, rate at the level given by Eqg. (2), while the low-frequency

where k is the mode wave numberg is a target Mmodes grow more slowly. As a result, the midfrequency
accelerationL,, is the density-gradient scale length, andmodes experience the largest growth factors, producing
V, is the ablation velocity. For CH targets and drive@ peak in the spectrum. As the evolution progresses,
intensities~10'* W/cm?, L,, = 1 um and the constants the midfrequency modes begin to saturate, and that peak
a = 1andB = 1.7 determine how the actual growth rate Mmoves to longer wavelengths. This behavior is rela-
differs from the classical one. For a single-mode initialtively insensitive to the initial spectrum or drive con-
perturbation, nonlinear effects create bubbles and spikedtions, therefore, most broad-bandwidth initial spectra
[5,8,9] and cause the exponential growth of the mode tavill evolve similarly given sufficient time. Variations in
saturate at an amplitudg, = 0.1A and to subsequently growth rates of up to 50%, or themm of initial spec-
grow at constant velocity [4]. trum up to 2 orders of magnitude, have little effect on

The evolution of 3D broadband perturbations is morethe predicted spectral evolution; the only condition is that
complicated. The fastest-growing modes rapidly drivethe spectrum be broadband. We have demonstrated this
harmonics and coupled modes. The contribution due t®Y experimentally varying the initial imprint spectrum us-
mode Coup]ing becomes Comparab|e to the exponentiéng different levels of laser-beam Smoothing. The result
growth for some of the modes even at small (in the lineafs that the late-time evolution of target nonuniformities is
regime) amplitudes. As a result, some modes grow fastdpsensitive to the initial conditions, or the drive character-
than others, while others shrink and change their phasdstics. It is therefore reasonable to use the simple model
[8]; however, the average amplitude of all modes at giverphown (as opposed to complex simulations) to predict the
spatial frequency grows exponentially at the rate givereffect of saturation in spectral evolution.
in Eq. (1). Saturation occurs due to collective behavior The evolution of averaged amplitudes of measured tar-
of the modes because adjacent modes can constructiveligt optical depth as the function of spatial frequency for
interfere to create local structures with amplitudes muciWo shots with plana20-um CH targets is shown in
larger than those of individual modes. As these featureEig. 2(b) for times of 1.4 to 2.2 ns and in Fig. 2(c) for
experience saturation, the individual modes saturate &omewhat later times of 1.6 to 2.4 ns. To obtain the aver-
amplitudes much less th@nl A. After reaching saturation age amplitudes, the Fourier amplitudes are azimuthally av-
level, the modes grow, on average, at constant velocit@raged at each spatial frequency. One can readily see that
with a continuous transition from linear to nonlinear the measured spectra are peaked and that the peak shifts
stages. Haan formulated a model for the saturation of 3oward longer wavelengths as time progresses, similar to

broadband spectrum and found a saturation level of théhe predicted behavior shown in Fig. 2(a). Moreover, the
azimuthally averaged amplitude given by [6,7] dashed line which shows the Haan saturation level is in

Sk) = 2Lk @) reasonable agreement. Similar behavior was observed for
’ all six shots taken under identical drive conditions.
whereL is the size of the analysis box. Thedependence From Figs. 2(b) and 2(c), one can see that the mea-

occurs because the individual Fourier amplitudes of thesured growth of the amplitudes 20-um wavelength is
broadband features depend on the size of the analysiuch less pronounced than that of 30 @&@ddum for the
region (i.e., the number of Fourier modes decreases as thiene interval of 1.5 to 2.5 ns. This is because the ampli-
box size is reduced, whereas the rms amplitude does notudes a0 um are predicted to be already above Haan's
The behavior predicted by this model is shown insaturation level, while amplitudes 3® um experience a
Fig. 2(a) for an initial perturbation spectrum that has con+transition from exponential growth to the saturated growth
stant power per mode as a function of spatial frequencywith constant velocity. The amplitude 60 um is pre-
This is representative of the features imprinted by irradiadicted not to be saturated and therefore should grow expo-
tion nonuniformities that arise primarily from the speckle nentially during this time interval. To support the above
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FIG. 2. (a) Predicted Fourier amplitudes of optical depth using the Haan model for an assumed spectrum of perturbations
with initial flat power per mod€o s = 0.03 um) spectrum and. = 400 um at times 1.3, 1.4, 1.6, 1.8, 1.9, 2.0, and 2.2 ns.

(b) The measured azimuthally averaged Fourier amplitudes of the optical depth modulations as a function of spatial frequency for
20-um-thick foil at times 1.4, 1.8, 1.9, and 2.2 ns. (c) The same for another sho2@ithm-thick foil at times 1.6, 1.9, 2.2, and

2.4 ns. Haan's saturation amplitudds shown by the dashed line.

observations, we measured the growth of preimposed, 2f a spike is limited, thereby limiting the perturbation
60-um-wavelength an@0-um-wavelength single-mode, growth [23].

sinusoidal perturbations d0-wm-thick CH foils, driven To confirm that the saturation level and the late-time
with the same irradiation conditions. Targets with initial spectra depend on neither the target thickness nor the
perturbation amplitudes of 0.05 afdi25 um at 60-um initial spectra of nonuniformity, we show in Fig. 4 the
wavelength and).025 um at 30-um wavelength were results of two additional experiments using a laser drive
used. These initial amplitudes are sufficiently low thatwith DPP’s only for 20- and40-um foil thicknesses.
even after 2.5 ns of the drive they are expected to be ifrigure 4(a) shows the measured spectra at 1.0, 1.6, and
the linear regime, yet have high enough amplitudes that.8 ns for one of the three shots performed with DPP’s
mode coupling from the broadband spectrum has no effeadnly on a20-um-thick foil. The saturation level was

on their evolution. Figure 3(a) shows that the broadbandalculated using the simulated compression of the target
features at60 um (the combined data from six shots) (about 2.5 for times from 1.0 to 1.8 ns). Figure 4(b)
grow at a similar rate as the preimposg@um modu- shows the measured spectra ff-um CH foil at 2.7
lations (upper data points for two shots). Exponential fitsand 2.8 ns for one of two shots. The saturation level was
to these data (three solid lines) indicate growth rates ofgain calculated using the spectrally weighed attenuation
0.96 = 0.02 ns ! and 1.02 = 0.02 ns™! for the preim-
posed modulations an@l91 + 0.05 ns™! for the broad-

band modulations. Figure 3(b) shows that the broadband ot nrm=ot2spm] [l '
features aB0 wm (the combined data from six shots) ex- "'é s W/V"“
perience a transition from linear to nonlinear phases at an = & 0.10 f< -2, ~ 2=005pm 4 ¢ a9=0.025 pm
amplitude of about 0.02 OD, which is 30 times lower than § = L
the single-mode saturation value of 0.6 QR1A). At sé -
the same time, the two preimpos@6-um modulations 5 & x pml !
(upper data points) grow exponentially with growth rates =~ 0.01f (a) 3
1 1

of 1.45 + 0.02 ns™' and1.54 = 0.02 ns!, respectively. .lls. 2'0 >3
These measured growth rates f6d-um and 30-um - ' .
preimposed modulations are smaller by a factor of 2.5 Eoiss Time (ns) Time (ns)

than those measured for earlier times (from 0 to 1.2 ns) b}élG. 3. (a) Average Fourier amplitudes of optical depth of

Knauer [20,]_”] S'm_'lar experiments _bUt for larger ampli- imprinted features versus time &0-um wavelength for six
tudes of initial preimposed modulatiotgy = 0.5 um).  shots (distinguished by different symbols) and the amplitude
This effect can be attributed to the finite foil thicknessof preimposed0-um perturbations of corrugated targets with
since the estimated late-time,,,; amplitude (~3 wm), initial amplitudes of 0.05 an@.125 um (upper data). (b) The

based on the measured spectra, is comparable to the thicg@me for the30-.m wavelength with the amplitudes of initial
' preimposed30-um peturbations 0f0.025 um (upper data).

ness of a targe(~6_ pm) and may reduce the growth Exponential fits (solid lines) were used for the preimposed
of these perturbations. If Sma”'scale bubbles penecorrugation data and th€0-um imprinted data, and a third-
trate the target, the mass available to feed the growthrder polynomial fit was used to the imprinted dat8@tum.
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a broadband spectrum in the linear regime is the same as
that for the linear growth of preimposed 2D perturbations,
also in agreement with the Haan model.
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