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Imprinting of laser nonuniformity is a limiting factor in direct-drive inertial confinement fusion
experiments, particularly when available laser smoothing is limited. A thin (∼400 Å) high-Z metal coating
is found to substantially suppress laser imprint for planar targets driven by pulse shapes and intensities
relevant to implosions on the National Ignition Facility while retaining low adiabat target acceleration.
A hybrid of indirect and direct drive, this configuration results in initial ablation by x rays from the heated
high-Z layer, creating a large standoff for perturbation smoothing.
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Hydrodynamic instability seeded by laser nonuniformity
(laser imprint) is an important factor in the performance
of direct-drive inertial confinement fusion (ICF) targets.
Though modern beam smoothing techniques [1,2] can
reduce time-averaged single beam nonuniformity down to
∼1%, residual nonuniformity amplified by Raleigh-Taylor
(RT) and Richtmyer-Meshkov instabilities can reduce the
fusion yield or spoil the ignition. Furthermore, the current
ignition-scale laser, the National Ignition Facility (NIF), is
projected to have only limited beam smoothing capability
[3]. Various imprint mitigation strategies have been pro-
posed, including the use of foam-buffered targets [4],
preformed plasma [5,6], and high-Z doped ablators [7].
A relatively simple yet highly effective method demon-
strated in Ref. [8] uses a thin (<1000 Å) high-Z (Au or Pd)
overcoat on the laser side of the target. Most of the laser
imprint is expected to occur during the initial lower-
intensity part of the laser pulse [9,10], which generates
the first shocks necessary to compress the target to achieve
high gain [11]. The overcoat initially absorbs the laser and
emits soft x rays that ablate the underlying target. This
initially x-ray drive allows a large standoff distance between
laser absorption and ablation and gives a higher ablation
velocity [12], resulting in smoothing of laser perturbations
[13] and higher ablative stabilization [14]. The coating is
sufficiently thin so that it becomes transparent to the main
part of the pulse, at which point the laser ablates the target
directly and x-ray preheat is minimized. The previous
experiments utilized a low intensity (1–10 TW=cm2) “foot”
to set the target on a low adiabat followed by the main pulse.
Current ICF target designs [3] shape the adiabat using
higher intensity (≤1014 W=cm2), short duration (≳100 ps)
spikes followed by the main drive. The effect of the spike
without the high-Z coating on the imprint and RT growth
mitigation via spatial adiabatic shaping have been studied in
numerous works [15–19]. The higher intensities and shorter
durations of the spikes could affect the x-ray spectrum

generated by the overcoat and the overcoat dynamics. The
experiments reported here show for the first time that thehigh-
Z coating method of imprint suppression works with such
spike pulse shapes and intensities, with a view to utilization
for direct drive on ignition-scale facilities, such as the NIF.
Planar 50 μm polystyrene (CH) foils uncoated or with

Au or Pd on the laser side were driven by the Nike KrF
(λ ¼ 248 nm) laser [20] with a pulse shape shown in Fig. 1.
The pulse shape consists of a 400 ps FWHM spike followed
by a 3 ns main pulse. Peak intensities of the spike and main
pulse (0.5 × 1014 and 2 × 1014 W=cm2) are comparable to
those of the spike and the first step of the main pulse of the
ignition design of Ref. [3] (1 × 1014 and 2 × 1014 W=cm2).
For the 50 μm thick CH, the pulse shape results in a near
simultaneous breakout of the two shocks launched by the
spike and the main drive at the rear surface. Laser spot size
zooming [21] was utilized so that the spike diameter was
1060 μm and the drive pulse diameter was 440 μm. Areal

FIG. 1. Laser intensity on target (inset) and the experimental
setup showing face-on radiography using monochromatic x-ray
imaging.
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mass nonuniformity was imprinted by the residual nonun-
iformity of the induced spatial incoherence (ISI) smoothed
beams [1] during the spike and amplified by theRTinstability
during the acceleration driven by the main portion of the
pulse. It was measured by radiographing the target face on
(Fig. 1) using a Si backlighter and monochromatic curved
crystal imaging at 1.86keVcoupled to anx-ray streak camera
[22]. The angle of the radiography is 25°with respect to target
normal. Magnification is 14.6× and the streak camera slit is
200 μm, giving an equivalent slit width of 14 μmat the target
plane. Streaked radiographswere processed to correct for the
spatial resolution of the imaging system using Wiener
filtering [23]with themodulation transfer functionmeasured
in situ using a knife-edge target. Areal mass fluctuations
were obtained from the corrected radiographs using the cold
CH opacity of 346 cm2=g at 1.86 keV [24] and bandpass
filtered to retain spatial frequencies in the range 10–100 μm.
Figure 2 shows examples of raw streaked radiographs

and processed areal mass fluctuations for an uncoated
and a 400 Å Au coated target. Both raw and processed
images show measurable RT-amplified imprint starting at
approximately 2.5 ns for the uncoated case, and only
measurement-noise-level fluctuations in the coated case.
Figure 3 shows that Pd also suppresses the imprint,

although about 600 Å Pd is required to achieve the effect
seen for 400 Å Au. The intermediate case of 400 Å Pd
shows some imprint reduction.
Figure 4 shows the time evolution of the rms of areal

mass perturbations for uncoated and coated targets
obtained from the shots shown in Figs. 2 and 3 as well
as a case with 200 Å Au. The two uncoated examples show
significant variation in the later, nonlinear evolution. The

initial growth of the fluctuations is reproducible, however.
For coating thicknesses of 400 Å Au and 600 Å Pd, the
imprint never rises above the measurement noise level. The
thinner Au and Pd coatings show some imprint reduction.
Exposing a higher-Z material to the laser can result in an

x-ray preheat of the rest of the ablator or of the fuel in an
ICF pellet. Preheat of the outer layers of the ablator can be
beneficial in that it can reduce the RT growth rate at the
ablation front [11,25]. Excessive preheat, however, can
cause instability growth at the ablator-fuel interface or can
preheat the fuel itself, leading to a spoiled implosion.
To test whether the lack of a RT-amplified imprint in the
coated case is due to a reduced RT growth rate, coated and
uncoated targets with a preimposed ripple on the laser side
were shot, as shown in Fig. 5. Both cases show strong
growth of the preimposed ripple, indicating that the coat-
ing, in fact, suppresses the imprint and does not have a
significant effect on the RT growth.
A more detailed comparison of the ripple growth for the

two shots is shown in Fig. 6, which gives a lineout of the

FIG. 2 (color online). Raw streaked face-on radiographs with
1.86 keV x rays (top row) and the resulting areal mass fluctua-
tions in the range of 10–100 μm (bottom row) for uncoated (left)
and 400 Å Au coated (right) targets. The coating suppresses the
imprint to below the measurement noise level.

FIG. 3 (color online). Areal mass fluctuations for uncoated,
400 Å Pd, and 600 Å Pd coated targets. For the 600 Å coating, the
imprint is reduced to below measurement noise.

FIG. 4 (color online). rms of areal mass perturbations vs time
for uncoated, 200 Å Au, 400 Å Pd, 400 Å Au, and 600 Å Pd
overcoat targets. Two uncoated shots are shown with larger and
smaller rms values in the nonlinear stage of growth, represen-
tative of extremes of shot-to-shot variation at that stage. Baseline
noise level for the measurement is generally 0.2 mg=cm2, except
for the 200 Å Au case due to weaker backlighting on that shot.
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rms areal mass perturbation. It can be seen that in the coated
case, the RT growth appears delayed by approximately
0.3 ns, but the growth rate is not significantly affected.
Another indication of whether the target is being

excessively preheated is the motion of the rear surface
prior to the shock breakout. For this observation, an
additional backlighter-crystal pair radiographed the target
side on, an example of which is shown for a 600 Å Pd
coated target in Fig. 7. As can be seen in the figure, no
motion of the rear surface is evident prior to the shock
breakout. However, because of the large lateral extent of the
target (≈2 mm) and a slight angle of the diagnostic axis to
the plane of the target, the target shadow is 60 μm, rather
than the 50 μm target thickness. Therefore some shadowing
of the rear surface is possible, and it can only be concluded
that prior to the shock breakout the center portion of the
rear surface did not move more than 5 μm. Based on this, a
crude estimate of an upper bound on preheat can be made
as follows. Expansion of no more than 5 μm over 1.5 ns

gives an upper limit of expansion velocity of 3.3 km=s.
Assuming expansion at sonic speed, we can estimate the
preheat as the energy density needed for this sound speed
in polystyrene. Shock compression data [26] show that
0.218 kJ=g is needed to achieve a 3.38 km=s shock speed in
polystyrene (corresponding to a 23 kbar shock). Noting that
shock is subsonic in the shocked material, this would be
an upper limit on the energy density, giving an upper limit on
thepreheat per unit area for the50 μmthickpolystyrene target
of ð218 J=gÞð1.07 g=cm3Þð50× 10−4 cmÞ ¼ 1.2 J=cm2. We
plan to implement more sensitive and direct diagnostics of
a preheat in future experiments. Detailed simulations and
experiments are needed to assess the effect of such a preheat
on an ignition pellet, as plastic and the cryogenic fuel have
such different x-ray opacities.
Further insight into the mechanism of imprint suppres-

sion can be gained by examining x-ray emission spectra.
Three cases of time-resolved x-ray spectra in the 5–40 Å
range are shown in Fig. 8. For both Au and Pd coated
targets, soft x rays peak soon after the start of the main
pulse, then decay to the level of the uncoated plastic target
emission during the pulse, consistent with initially x-ray-
driven ablation transitioning to direct drive.
The large separation allowed by the initially x-ray drive

that would give a smoothing of laser perturbations is
evident in side-on shadowgraphy of the high-Z overcoat
[28]. As can be seen in Fig. 9, the high-Z layer is expanded
and is pushed off the original target surface by the ablating
CH. Prior to the start of the laser pulse, the high-Z coating,
due to its low thermal mass, is already preexpanded by a low
intensity (∼107 W=cm2), ∼100 ns duration prepulse [29]
present on target on Nike. In the case of the Au overcoat, the
coating is pushed off the original target surface, while Pd
hugs the surface until the start of the laser pulse. Imprint
suppression is observed in both cases, however, indicating
that it may not be very sensitive to the initial condition.

FIG. 5 (color online). Evolution of areal mass perturbations
started by a front surface ripple (0.5 μm amplitude, 30 μm
wavelength) for uncoated and 400 Å Au overcoat targets. The
ripple development is very similar in both cases.

FIG. 6 (color online). rms of areal mass perturbations for the
shots shown in Fig. 5. The RT growth rate is unchanged by
the coating, except for an approximately 0.3 ns time delay
(for comparison, the dashed line shows the coated case shifted
0.3 ns earlier).

FIG. 7. Streaked side-on backlighting at 1.86 keVof a 600 Å Pd
coated target. The laser is coming from the left. Though the target
is 50 μm thick, the shadow prior to shock breakout is 60 μmwide
due to a slight rotation with respect to the diagnostic plane and the
≈2 mm width of the target. No motion of the rear of the target is
evident prior to the shock breakout.
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The effect of preexpansion on imprint suppression will be
investigated in more detail in future work.
Observation of an effective imprint suppression with

400 Å of Au and 600 Å of Pd raises the question of what
determines the thickness of the coating required to see the
effect. Our understanding is that it must be sufficiently
thick so that it is initially opaque to the laser and also

generates sufficient soft x-ray flux so that ablation proceeds
by x rays rather than by thermal conduction, allowing the
large separation between the laser absorption and the
ablation for smoothing to take place. Au is expected to
be a more efficient radiator because of its higher Z, and so
the fact that a thinner coating of Au than Pd is required is
not surprising. The scaling for different elements would
depend on the details of atomic physics of the laser
absorption as the initially metallic coating is heated, and
the non local-thermodynamic-equilibrium radiation phys-
ics once it is hot. We are in the process of improving our
simulation codes to help understand these physics further.
In summary, the thin overcoat of a high-Zmaterial, Au or

Pd, has been shown to substantially suppress laser imprint
without significant preheat. A laser with a high degree of
smoothing like the ISI-smoothed KrF may or may not
require additional imprint mitigation for direct drive. For
the NIF, however, where laser beam smoothing is insuffi-
cient for most direct-drive experiments, the high-Z coating
approach may enable a range of new experiments using
direct drive. If successfully ported to the laser conditions
there, it would not only improve planar experiments but
may also enable higher performance direct-drive fusion
capsule implosions there. High-Z overcoat was already
successfully used to increase the yield of implosions on
the OMEGA tripled Nd:glass laser [30]. In order to use
the high-Z coating on the NIF ignition pellets, the details of
the triple-picket pulse shape design of Ref. [3] would need
to be modified using guidance from simulations to maintain
proper adiabatic shaping and shock timing. Our group
performed initial simulations of a shock ignition design for a
NIF class (850 kJ, 0.351 μm laser wavelength) target with a
400 Å Au coating that gives a 1D gain of 80 [31]. Detailed
experiments are planned on theOMEGAEPandNIF lasers to
adapt the technique to implosions on theNIF. Looking toward
the inertial fusion energy application, the coating would not
only improve implosion performance but may also improve
the cryogenic fuel capsule’s ability to survive injection into
the hot reactor chamber due to the high reflectivity of the
metal coating for infrared wavelengths [32].
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