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Measurements of Rayleigh-Taylor Growth Rate of Planar Targets Irradiated Directly
by Partially Coherent Light

K. Shigemori, H. Azechi, M. Nakai, M. Honda, K. Meguro, N. Miyanaga, H. Takabe, and K. Mima
Institute of Laser Engineering, Osaka University, 2-6 Yamada-Oka, Suita, Osaka, 565 Japan

(Received 3 July 1996)

We report the first measurements of laser-driven Rayleigh-Taylor instability at the linear growth
regime in an imprint-free condition. Initially rippled polystyrene foils were irradiated by the partially
coherent light. We measured temporal evolution of areal-density perturbation by the face-on x-ray
backlighting technique. The observed maximum growth factor was nearly 50. We also measured the
acceleration of the irradiated foil. The growth rate was approximately 50% of the classical growth
rate. These experimental results were well reproduced by a two-dimensional simulation coupled with
the Fokker-Planck treatment of electron heat transport. [S0031-9007(96)02068-6]

PACS numbers: 52.35.Py, 52.50.Jm, 52.70.La
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As is well known, hydrodynamic instabilities, such a
the Rayleigh-Taylor (RT) instability [1], play an impor
tant role in inertial confinement fusion (ICF) implosion
[2] and supernova explosions [3]. In ICF implosion
initial perturbations on the target surface will grow du
primarily to the RT instability, resulting finally in fuel-
pusher mixing that degrades the implosion performan
To limit the mixing within an acceptable level, good un
derstandings of the RT instability are necessary. Si
the initial perturbation amplitude in most ICF targets a
supernovae are much less than the wavelength, the
turbation first grows exponentially with time up to a tim
when the amplitude becomes about 10% of the pertur
tion wavelength, and after that the growth tends to satu
[4]. Thus the RT instability in the linear regime gives th
largest growth of the perturbation. The growth rate of t
RT instability is expected to be suppressed as the per
bation is removed away from the unstable region by m
terial ablation [5]. The theoretical RT growth rateg that
includes the ablation effect is given by the Takabe form
[6]: g  0.9

p
kg 2 bk Ùmyr, wherek is the wave number

of the perturbation,g is the acceleration,Ùm is the mass ab-
lation rate per unit surface,r is the density at the ablation
front, andb is the constant depending on the structu
of the ablation surface. This structure may be differe
for two major schemes of ICF: direct-drive and indirec
drive schemes. For indirect-drive (x-ray-drive) ablatio
the measurements of the linear RT growth are consis
with b value of 1–2 [7]. Several experimental inves
gations [8] were also carried out about RT instability
directly driven targets. However, to date, there are f
works [9] on the RT growth in the linear growth regim
because the initially imposed perturbation is easily infl
enced by imprinting of nonuniformity in laser irradiation

In this Letter, we describe the first measurements
the growth rate of the RT instability at the linear regim
in an imprint-free condition. Initially corrugated plasti
foils were irradiated uniformly by the partially coher
ent light (PCL) [10] with time averaged nonuniformit
of about 2%. The perturbation wavelength was fixed
0031-9007y97y78(2)y250(4)$10.00
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be 60 mm, whereas only the amplitude was varied fro
0.1 to 1.0 mm. We observed areal-density perturbatio
with the face-on x-ray backlighting technique. The max
mum growth factor was 50. We also measured the traj
tory of the target, and thus the target acceleration, in or
to evaluate the classical growth rate. Observed grow
rate was 50% of the classical value,

p
kg. The interpre-

tation of the growth rate reduction is that high energ
electrons preheat the target via nonlocal heat transp
thereby reduce the target density, and thus increase
ablation velocity. The experimental growth rate is in be
ter agreement with the simulation results with the nonloc
heat transport described by the Fokker-Planck (FP) eq
tion [11] than those with the classical heat transport by t
Spitzer-Härm (SH) model [12].

A schematic view of the experimental setup is show
in Fig. 1. The targets were made of polystyrene (P
with a density of1.06 gycm3 and a thickness of16 mm.
The perturbation wavelength was60 mm and amplitudes
were 0.1 6 0.02, 0.3 6 0.05, and 1.0 6 0.1 mm. Sinu-
soidal perturbations were imposed on the laser irradiat
side by the thermal-press method [13]. As for the driv
beam, we used frequency-doubled (l  0.53 mm) PCL
for uniform irradiation. The PCL was generated from op
tical fibers [14], amplified by the GEKKO XII glass lase
system [15]. The characteristics of the PCL at0.53 mm
wavelength were a bandwidth of 0.2 nm, a beam dive
gence of 64 times diffraction limit, and a one-dimension

FIG. 1. Schematic view of the experimental setup for th
measurement of areal-density perturbation.
© 1997 The American Physical Society
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angular spectral dispersion of478 mradynm. The irra-
diated laser beam was further smoothed by the rand
phase plate [16]. The time-integrated focal pattern ha
nearly flat shape with a600 mm diameter (FWHM) and
a 2% (rms) intensity fluctuation from the smooth env
lope. The PCL has two-step wise shape with a 1.8 ns f
pulse of0.7 3 1013 Wycm2 intensity followed by a 1.8 or
2.2 ns main pulse of0.7 3 1014 Wycm2 intensity. This
pulse shape was obtained by three beams with one b
proceeded by 1.8 ns. Both foot and main pulses ha
0.05 ns rise time and a 0.15 ns fall time. We defined
time zero (t  0) as the time of the first half maximum o
the main pulse.

Areal-density perturbations were measured by face
x-ray backlighting. A Cu target was irradiated by tw
beams to generate backlighting x rays. The Cu ba
lighter was located at 3 mm from the PS target. To co
a long time evolution, one of the two beams preced
the main drive pulse by 0.4 ns. The backlighter las
were focused on the target with a500 mm spot size at
an intensity ofø1 3 1014 Wycm2. X-ray spectra from
the backlighter target, measured with a TlAP spectrom
ter, consist of dominant lines at 1.1–1.3 keV and we
lines above 1.3 keV. To eliminate a preheating of the f
by soft x rays emitted from the backlighter, a10 mm
thickness Be shield was placed between the backligh
and the perturbed foil target. The measured x-ray sp
tra (1–1.8 keV) indicates that the preheating by the ba
lighter x ray is expected to be negligible. The transmitt
x rays were imaged by an advanced Kirkpatrick-Baez m
croscope [17] with a 24.6 magnification onto a CuI ph
tocathode of an x-ray streak camera. A Mg filter
10 mm thickness was used in front of the streak camera
block a high energy x-ray band with itsK-shell absorption
($1.3 keV). The temporal resolution was nearly 90 p
The spatial resolution function (line-spread function)Rsud
of the whole diagnostic system was obtained from bac
gold-grid images. Assuming that the resolution functi
is given by the sum of two Gaussian functions,Rsud 
f1ys1 1 adg hexpf2u2ys2s

2
1dg 1 a expf2u2ys2s

2
2dgj, we

got a  0.009, s1  12.8 mm, s2  62.8 mm at the
target plane. Using a two-step PS target with a thickn
difference of7 20 mm, the effective mass absorption co
efficient was measured to bemCH  s1.03 6 0.05d 3

103 cm2yg, being in good agreement with the tabulat
coefficient at 1.2 keV for neutral PS [18].

First, we observed no perturbation even at the e
of the drive (t ø 2 ns) for a blank PS foil with the
same thickness irradiated with the same PCL pulse
those for the perturbed PS foil. This implies that t
initial imprinting at wavelength similar to the preim
posed wavelength is at most0.5 mmy50  0.01 mm,
since the detection threshold of the present backli
system is about0.5 mm for the 60 mm perturbation
wavelength, and measured growth factor is about 50
t  2.0 ns.
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Second, we measured the trajectory of the irradiated
using the side-on x-ray backlighting to determine the acc
erationg. We used Al targets to generate 1.5–1.7 keV
rays. The backlit foil was imaged by a slit (10 3 50 mm2)
onto an Au photocathode of an x-ray streak camera. T
target was a flat PS foil of16 mm thickness with no pertur-
bation. In the side-on geometry, the laser-irradiated s
face may be hidden by the surrounding weakly irradiat
surface. To avoid this, the target width was restricted
be300 mm over which the laser intensity changed by on
15%. We determined the target position from the point
the maximum x-ray attenuation. Figure 2 shows the t
get trajectories from the experiment and from the 1D sim
lation “ILESTA” [19]. The experimental trajectory was
fitted with a second-order polynomial, giving the accele
ation ofg  s5.0 6 0.5d 3 1015 cmys2.

Raw streaked images by the face-on experiment
shown in Figs. 3(a)–3(c). The areal-mass-density pert
bation is recorded as a contrast of the transmitted x-
image. The line scans for different observation times a
shown in Fig. 3(d). The data were time integrated f
100 ps, approximately equal to the temporal resolutio
The areal-density perturbation amplitudes were iterativ
obtained by fitting a calculated distribution of the tran
mitted x-ray with the experimental results. The fittin
function is a convolution of the transmitted x-ray distr
bution with the resolution function, as is given byIsxd R

Rsx 2 udI0sud expf2mCH
P

nsrldn cossnkudg du, where
I0sud is a spatial distribution of the backlighter emissio
after passing the mean target thickness,mCH is the effec-
tive mass absorption coefficient,rl is the foil areal density,
andn means thenth order harmonic component. The in
tensity distribution of the backlighterI0sxd was well fitted
by a superposition of two Gaussian functions.

Figure 4 shows the growth factors, defined as t
measured areal-density perturbation divided by the i
tial value, from three target shots with varying initia
amplitude ofa0  0.1, 0.3, and1 mm. Perturbation am-
plitudes are analyzed with only the fundamental mod
The maximum growth factors were50 6 5, 15 6 2,
and 7 6 1.5 for a0  0.1, 0.3, and1 mm, respectively.
The areal density perturbation already grows by a fa
tor of 3–4 of the initial perturbation before the time ze
because of the rippled-shock propagation in the tar

FIG. 2. The trajectories of the foil from the experiment an
the simulation.
251
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FIG. 3. The streaked backlighting images for (a)a0  1 mm,
(b) a0  0.3 mm, and (c)a0  0.1 mm. (d) The line scans
for different initial amplitudes at times when the amplitudes
comparable each other. Data are well fitted by a single-m
sinusoidal curve.

[20] and of the weak RT instability at the foot-pulse r
gion. For the small and medium initial amplitude ca
(a0  0.1 and0.3 mm), the raw data are well fitted by
single-mode sinusoidal perturbation. In the case of la
initial amplitude (a0  1.0 mm), the higher harmonic
become important. We also obtained the fundamental
the higher harmonics for each case. The second harm
ics arises at 0.5 ns for thea0  1.0 mm case, at 1.5 ns fo
thea0  0.3 mm case, respectively. For the smallest a
plitude case (a0  0.1 mm), no second harmonics appe
by the very end of time. The growth factors for the sm
initial amplitude case,0.1 and0.3 mm, are well fitted by
an exponential curve (the dashed line) with the gro
rate of gexp  1.2 6 0.1 ns21. On the other hand, th
classical growth rate of the RT instability is calculated

FIG. 4. The growth factor as a function of time for thr
different amplitudes. A solid line, which is offset arbitraril
shows the classical growth. The ratio of the measured to
classical growth isgexpygclassical ø 0.5.
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kg  2.4 6 0.1 ns21, where the accel-
eration is corrected to beg  s5.4 6 0.5d 3 1015 cmys2

to take into account the small difference of the laser
tensity from that in the side-on backlighting experime
described previously. The solid line in Fig. 4 shows t
classical growth. The measured growth rate is appro
mately 50% ofgclassical.

To compare the measured growth rate with the th
retical growth rate given by the Takabe formula, ma
ablation rate Ùm was also evaluated. Our mass ablati
measurement is based on the fact that when mass abla
occurs x-ray transmittance increases as the residual a
mass density is decreased, whereas the ablated co
plasma does not absorb keV x rays due to the absenc
bound electrons. This measurement was made from
time varying x-ray intensity transmitted through a flat P
foil, irradiated at the identical experimental configuratio
as that of the face-on experiment. The time variation
the incident x-ray intensity was separately measured us
an unirradiated PS foil and was found to be nearly co
stant with610% variation. The measured mass ablati
rate was (s3.5 6 0.3d 3 105 gycm2 s. The ILESTA-1D
shows less mass ablation rate but not much.

Among various mechanisms to reduce the growth ra
the effect of density gradient is first ruled out becau
the simulated density scale length of,1 mm is much
smaller than the perturbation wavelength. The fin
thickness effect [7,21] may contribute only a few perce
reduction of the growth rate. The ablation effect
commonly considered to be the dominant stabilizati
mechanism. For quantitative comparison, we substit
experimentally measured values ofg, Ùm, g, and k into
the Takabe formula, givingbyr  2.6 6 0.8. Further
substitution of the simulated ablation density of 3.5
t  0.5 ns)–2.5(at t  1.8 nsd gycm3 would give an
anomalously large value ofb  9.1 6 2.8 6.5 6 2.0
compared to the prediction ofb  3 4 [6]. Complemen-
tary, numerical analysis of the RT growth using simulat
values of Ùmstd, rstd, gstd, and b  3 4 gives growth
curves similar to the classical growth (solid line in Fig. 4
being in disagreement with the experiments. Therefo
the experiment indicates that theb value is much larger
than expected or the ablation density is lower than
simulated value.

One probable mechanism to reduce the ablation den
is preheating due to nonlocal heat transport. The electr
electron mean-free path is calculated to be10 mm at the
critical density for the electron temperatureTe ø 1.8 keV
calculated from the ILESTA-1D, and is comparable to t
ablation front-to-critical density distance. At the sam
time, electrons that contribute dominant heat flux ha
an energy of6.9Te ø 12 keV, and the corresponding
range of such electrons becomes4 mm in a solid PS
foil, being a considerable fraction of the target thickne
Consequently, tail electrons in Maxwell distribution ma
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FIG. 5. Growth factor vs time calculated by the 2D simulati
code KEICO-2D with the FP treatments for nonlocal heat tran
port and with the SH treatment for the classical heat transp
Also shown are the classical growth and experimental grow
both of which are identical to those in Fig. 4 except for th
arbitral offset.

penetrate into the target, thereby reduce the target de
via preheating and thus increase the ablation velocity.

In the following, we will test whether this interpretatio
is reasonable or not by using a two-dimensional Eule
simulation code “KEICO-2D” [22]. This code solves eithe
FP equation for the nonlocal electron heat transpor
SH equation with the flux limiter off  0.1 for classical
heat transport. The laser energy is dumped at the cri
density region in both cases. The top flattening of elect
velocity distribution [23] at the laser-absorption regi
is taken into account in the FP case. The simulat
may not correctly treat the nonlocal effect at the ea
time because the temperature scale length becomes
shorter than the electron mean-free path. Instead,
simulation was run with the SH conduction until th
steady state structure of the ablation front is establis
after the shock breakout atø0.3 ns, then the FP transpo
was turned on at 0.5 ns. The density perturbation
0.1% was introduced at this time [24]. Figure 5 sho
the growth factors from the simulation code with tw
cases: open circles are calculated with the FP equa
and closed circles calculated with the SH equation. T
initial small decreases of the perturbation is due to
lateral fluid motion before the RT mode is establish
The growth rate was then observed fort . 0.9 ns by
exponential regression to be1.4 ns21 for the FP case, an
2.1 ns21 for the SH case. The experimental results are
closer agreement with the simulation results of the FP c
than those of the SH case. Indeed, the peak of the ta
density calculated byKEICO-2D is significantly reduced fo
the FP case from that for the SH case. The density of
ablation front was calculated to be1.5 1.7 gycm3 for the
FP case, and2.0 2.4 gycm3 for the SH case, respectivel
It appears, therefore, that the observed reduction of the
growth may be predominantly due to ablative stabilizat
enhanced by nonlocal heat transport. Further work
necessary to rigorously compare simulations with
experimental results.

In summary, we have shown the first imprint-free me
surements of laser-driven Rayleigh-Taylor instability
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the linear growth regime. The growth rate is reduced
be 50% of the classical value. Experimental results we
compared with the predictions by the two-dimension
computer simulation code. The experimental results a
in considerably better agreement with calculations with t
nonlocal heat transport rather than those with the class
heat conduction. This implies that the nonlocal electr
heat transport plays an important role for the suppress
of Rayleigh-Taylor instability at the ablation front.
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ILE Osaka University for the laser operation, targ
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