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The implosion of spherical-shell targets driven ablatively by six 1.05-pm laser beams
at an irradiance of -10 W cm has been studied by streak time-resolved x-ray shadow-
graphy. Measurements of acceleration determined the ablation pressure. Departures
from one-dimensional simulations showed increasingly degraded implosions as the shell
aspect ratio r/br was increased from 10 to 110 for shells with surface perturbations of
+ 0.05ar.

PACS numbers: 52.50.Jm, 47.20.+m, 52.55.Mg, 52.70.-m

Compression of plasma in laser-driven implo-
sions has been characterized as "ablative" or
"exploding pusher" according to the relative im-
portance of surface ablation pressure and bulk
pressure due to preheating by electrons. To date,
experimental study of ablative implosions has
been limited, ~ partly because their high-density
low-temperature plasma yields little diagnostic
information in the form of x-ray or fusion-pro-
duct emission compared with exploding-pusher
implosions. 2 The development of x-ray probing
techniques' has alleviated this problem and per-
mitted study of the implosion dynamics of spheri-
cal-shell targets under ablative acceleration with
use of streak time-resolved x-ray shadowgraphy. ~

Elementary mechanics show that for negligible
mass loss, a spherical shell with ratio of radius
to wall thickness (aspect ratio) r/&r and density
p can be accelerated to a velocity v of the order
(P, r/&r)'~' by a surface ablation pressure P, .
Since the stagnation pressure Pz of the implosion
is of the order pv' it follows that Pt ~P, r/&r.
High aspect ratio therefore leads to high stagna-

tion pressure. However, the acceleration of the
dense shell by the low-density ablation plasma is
subject to the Bayleigh- Taylor instability, whose
classical growth exponent for perturbations of
wavelength A. &r is approximately (2mr/&r)~~a

during an implosion. Since the instability growth
depends on the aspect ratio it is expected to limit
the maximum aspect ratio and stagnation pres-
sure. Detailed theoretical work has, however,
yieMed contradictory results, some finding
growth rates close to classical' and some pre-
dicting stabilizing effects due to factors not con-
sidered in the classical Bayleigh- Taylor theory
such as thermal conduction and ablation Qow
through the unstable region. ' Such contradictions
emphasize the value of experimental study of the
stability of ablative implosions of shells of in-
creasing aspect ratio as described here.

Our experimental arrangement is illustrated in
Fig. 1. Six beams of 1.05-pm laser light irradi-
ate the microballoon target and a seventh is fo-
cussed on a horizontal Al-foil x-ray-backlighting
target. The microballoon is viewed along a hori-
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FIG. &. Apparatus. 1 and 2, x-ray backlighting laser
beam and target; 3, microballoon; 4, x-ray micro-
scope; 6, x-ray streak camera and 5, its slit; 7, x-ray
pinhole camera image of backlighting plasma; and 8, of
microballoon plasma.
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FIG. 2. Spectrum of the backlighting plasma (lower
graph) recorded via an SiO filter with spectral transmis-
sion shown in. the upper graph (so).id line) together with
transmission of a typical microballoon (dashed line).

zontal axis against the x-ray emission from the
backlighting target by a Kirkpatrick-Baez x-ray
microscope which projects. a 15 times magnified
image onto the CsI photocathode of an x-ray
streak camera. A 30-p. m wide field in the target
is selected by a horizontal slit and streaking of
the image gives 80-ps temporal resolution. Addi-
tional diagnostics include an absolutely cabbrated,
space-resolving, x-ray spectrometer to charac-
terize the backlighting spectrum, and a pinhole
camera to determine the relative brightness of
backlighting and shell emission and to observe
the uniformity of irradiation of the shell (see in-
set 8 in Fig. 1)~

The laser delivered 40 J to the backlighting
beam and 6~15 J to the microballoon target in

pulses of 0.8-ns rise time and 1.5-ns full width

at half maximum. Ablative implosions were ob-
tained by irradiating the microballoons at 5 &&10~

to 10 W cm . The backlighting target was irra-
diated in a 500-IILm focal spot at 10~3% cm 2. Ob-
servations were made via an SiO filter whose Si-
K edge, together with the 2.2 keV cutoff of the x-
ray microscope mirrors, reduced the effective
backlighting spectrum to the three circa 1.6 keV
x-ray resonance lines from A1XII and Al XIII ions
shown in Fig. 2. The Si-I|. edge of the filter also
selectively suppressed the Si XIII and Si XIV reso-
nance line emission of glass microballoons. Since
the backlighting photon energies were in the K

transmission window of Si, their penetration
through glass was good and their simple spectrum
made calculation of target opacity' straight for-
ward.

The apparatus was used to record streaked
shadowgraphs of unirradiated microballoons.
Densitometry of the results showed that the in-
strumental spatial resolution was 17 p, m and that
measured and computed profiles of x-ray opacity
in the microballoon' were in agreement.

Figure 3 shows examples of the results ob-
tained with ablatively imploded empty microbal-
loons for 3 cases: (a), (b), and (c) of aspect ratio
12, 43, and 110, respectively. These implosions
had the following parameters: y =93, 134, and

142pm, respectively; Dr=6. 6) m (CH)+1.1pm
(glass), 2 p m (CH) + 1 p m (glass), and 1.3p m

(glass), respectively; irradiance I=2.5 && 10'',
10", and 5~10"W cm ', respectively. These
combinations of parameters gave a similar im-
plosion time close to the end of the laser pulse
in each case. The surface roughness of the tar-
gets was approximately +0.05&r for wavelengths
similar to the shell thickness. Irradiation non-
uniformity was +40'%%up on a scale of a few microns
due to structure in the laser beams and +20%%uo on

the larger scale associated with the six-beam ir-
radiation. The backlighting pulse was delayed by
0.9 ns to display the trajectory of the boundary of
the absorbing region and its minimum diameter.
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FIG. 3. (a), (b), and (c) are streaked x-ray shadowgraphs of implosions with parameters given in the text
Sketches above streaks show to scale the initial target diameter and (in black) the calculated minimum diameter of
the core of opacity ~ ~ 1. 1 and 2 are the laser pulses irradiating the microballoon and backlighting targets, re-
spectively.

The thickest shell with 6.6 p. m plastic coating
(a) shows no discernable self-emission prior to
the backlighting or transmission of backlighting
x rays through its center. The boundary of the
opaque region is as sharp as the instrumental
resolution. A thinner shell (b) shows significant
transmission of backlighting x rays early in the
implosion as expected theoretically but, because
of its plastic coating, no self-emission. The thin-
nest uncoated glass shell (c) shows weak self-
emission prior to the backlighting, strong trans-
mission of the backlighting x rays in the early
part of the implosion as expected theoretically,
but an increasingly diffuse and irregular boundary
to the absorbing region. In Fig. 3(c) the sharp-

ness of the shell boundary, defined as the dis-
tance for a 10%%uo to 90%%uc change in transmission,
increases from the 17 IL(. m instrumental limit at
t =0 to 55 p, m at ~ =600 ps. These numbers are
from densitometry of the negatives which was
also used to determine the trajectory of the boun-
dary of the opaque region where the opacity T ~1.
This is plotted in Fig. 4 for case (c). The implo-
sions were also simulated with a one-dimension-
al Lagrangian fluid code MEDUSA3 to obtain ~ ~ 1
trajectories as shown in Fig. 4. Experiments
and simulations were in good agreement in the
acceleration phase of the implosion, enabling a
determination of the ablation pressure I', at the
peak of the laser pulse both from the computer
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FIG. 4. Analysis of case (c). 1 and 2, trajectories r(t)/r(0) of the boundary of opacity v ~ 1; 1 is measured, 2

is calculated. 3, an analytic model fit to the trajectory; 4, classical Rayleigh-Taylor growth exponent for wave-
length ~= Ar; 5, laser pulse.
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simulations and from fitting an analytically calcu-
lated trajectory by assuming P,(t) =K[I(t)]'is to
determine K. The latter is also shown in Fig. 4.
The ablation pressure thus measured was 1.3
Mbars in case (c): This and additional data were
in fair agreement with other less direct measure-
ments of P,.4

Measured implosion times were consistent with
numerical simulations (see, e.g. , Fig. 4), but
comparisons of the measured and calculated radi-
us of the opaque core revealed major discrepan-
cies. The latter are illustrated in Fig. 3 by the
scale diagrams from simulations set above the
streak records. The ratio of measured to com-
puted minimum diameter of the region of opacity
~) 1 is 1.6, 3.4, and 4.2 for cases (a), (b), and

(c), respectively. Figure 4 shows case (c) in
more detail. It has the largest aspect ratio (r/Er
= 110) and the largest discrepancy, with the mea-
sured diameter of the opaque core implying a
volume 80 times larger than predicted by the
simulation. This together with the observed dif-
fuse and irregular boundary to the opaque region
suggest some kind of breakup of the shell during
the implosion. A compilation of data given in Fig.
5 shows a systematic increase with aspect ratio
of the discrepancy between measured and comput-
ed opaque core radius.

Preheating effects are unlikely to explain this
discrepancy since numerical simulation with a
fraction of the laser energy dumped uniformly in
the shell showed that even with the improbably
large value of 10% preheating in case (c) above,
the computed opaque core radius was still 2 times
smaller than the measured value.

Nonuniformity of irradiation causes local varia-
tion in the ablation pressure and thus in the im-
plosion velocity. Very crudely it may be esti-
mated that an opaque core radius of r, /2 could be
produced if parts of the shell traveled to the cen-
ter and "bounced" to r, /2 while slower parts
traveled only to ro/2. One-dimensional numeri-
cal calculations suggest this requires an irradi-
ance variation of 5:1. The experimental irradi-
ance nonuniformity discussed above is considera-
bly less than this.

Rayleigh-Taylor instability may amplify small-
scale surface irregularities on the shells and also
velocity perturbations driven by hot spots or fila-
mentation in the laser beam, although thermal
conduction will help to reduce the effects of non-
uniform irradiation on small scale lengths. Max-
imum instability is expected for irregularities
in a spatial scale X -~r and our targets had sur-

C3

10

ASPECT RATIO r/b, r

100

FIG. 5. Ratios of measured to calculated minimum
diameters of the core of opacity 7~ 1 as a function of
target aspect ratio r/Ar.
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face irregularities of + 0.05hz on this scale. Fig-
ure 4 shows how the classical growth exponent
reaches 20 at the point where the measured im-
plosion trajectory departs strongly from the sim-
ulation. Thus even growth rates much less than
classical could produce a large effect from an
initial amplitude of 0.&y. Small-scale instabili-
ties would probably make the boundary of the
opaque core appear diffuse and irregular as in
the high-aspect-ratio implosion shown in Fig.
3(c). It appears, therefore, that the observed
failure of high-aspect-ratio shells to implode
satisfactorily may be predominantly due to Hay-
leigh- Taylor amplification of both small-scale
irregularities of the shell surface and of pertur-
bations originating from illumination nonuniformi-
ty.
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