Stability of a shock-decelerated ablation front
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Experimental study of a shock-decelerated abldtimmt is reported. A
planar solid plastic target is accelerated by aerlasross a vacuum gap and
collides with a lower-density plastic foam layerhW the target is accelerated, a
fast Rayleigh-Taylor (RT) growth of the seeded Ergode perturbation at the
ablation front is observed. After the collisiongthelocity of the ablation front is
seen to remain constant. The re-shock quenchd®Tgrowth but does not
trigger any Richtmyer-Meshkov growth at the ablatimont, which is shown to
be consistent with both theory and simulations.
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Instability of the ablation front in the implodeakker target remains one of the key
issues of laser fusion. Ignition and high gain@mnly possible if the Rayleigh-Taylor
(RT) growth of the perturbations seeded in thenigiof the ablation front remains
within reasonable limits throughout the acceleraiad deceleration phases of the
implosion. The exponentially growing RT eigenmodes developed from the target and
irradiation non-uniformities through the physicabgess called RT seeding. Seeding
proceeds during the early phase of the implosioanithe target is being compressed,
before it starts to accelerate. A major role inRieseeding is played by the interaction
of the shock and rarefaction waves in the targét thie ablation front via a variety of
mechanisms such as ablative Richtmyer-Meshkov (RBtability [1-7] and feedout [4,
7-12].

Interaction of multiple shock waves with ablatioarfts plays a particularly
important role in the new approaches to directallaser fusion, such as shock ignition
[13] and multiple-picket target adiabat shaping]{Bhock ignition [13] requires a fast
re-compression of an expanding central hot spdt aitonverging shock wave driven by
a short, powerful “ignitor” laser pulse irradiatitige target at peak compression. The
strong ignitor shock wave re-shocks the inner sheflace (the boundary of the hot spot),
which itself represents an ablation front [15]. Theltiple-picket approach [14] replaces
a constant-intensity “foot” or a gradual rise o fhser pulse with several short pulses,
which drive shocks into the target through the tdutafront.

Our experiments on the Nike laser at the Naval &ebel.aboratory (NRL) are
aimed at obtaining observational data and theréby@oving our understanding of the

dynamics of shocked ablation fronts, propagatiahiateractions of shock and



rarefaction waves, and perturbation developmentaelerated, coasting and decelerated
targets. The experiments presented here were nuadéfe by improving the imaging
capability of our x-ray diagnostics.

A shocked material interface exhibits the clagd®i instability [16]. An
ablation front responds to a shock wave in a dffiewvay. Theory, simulations and
experiments [1-7] are all in agreement that a sed@blation front is stable. When
ramped laser intensity drives a shock wave thrdabgtablation front into the dense
target, the ablation front experiences small-amgét low-frequency decaying
oscillations. The mechanisms that make the abldtant stable with respect to the RM-
type growth [17], unlike a material interface, :at¥the “rocket effect” [18] or “dynamic
overpressure” [2], which provides the restoringcéocausing the oscillations, and 2) the
mass flow through the ablation front, which is @sqble for their damping (see the
detailed discussion in [2, 4, 6]).

All the simulations and experiments reported sqXa/] refer to the “light-to-
heavy” case, when the shock wave originates alkeion front and propagates from it
into the dense target plasma. According to therthg 6], stability of a non-accelerated
ablation front is an intrinsic property. Therefdine theory predicts that the ablation front
should remain stable even when the shock waveesrfrem the dense target plasma (the
“heavy-to-light” case). This prediction has neveeb tested before. We report the results
of experiments and simulations designed to testitbery for this case.

Figure 1 illustrates our target design and thgmistics. The targets consist of a

25-30um thick planar plastic (CH) foil rippled on theareside (single-mode ripple

wavelengthA =45 pm, peak-to-valley amplitude2m) and a ~20@m thick planar



layer of divinyl benzene foam (10-20% of solid Céhdity) separated from the CH foil
by a 100-12um wide vacuum gap. The front side of the plasticiarradiated by 37
overlapping beams of the Nike krypton fluoride las& =248nm) [19]. The Nike laser
produces a very uniform irradiation with a time-aged rms non-uniformity <0.3% in a
central region of the focal spot, which is 400 in diameter. The Nike pulse used in our
experiments has a nearly rectangular temporal shdapea 4 ns FWHM, 0.4 ns rise time
(see the insert in Fig. 1).

We have improved our diagnostics to enable a @etaimultaneous study of the
one-dimensional (1D) dynamics of shock and abldftionts (side-on imaging) and the
two-dimensional (2D) areal mass perturbation dgualent in laser-driven targets (face-
on imaging). The Nike orthogonal monochromatic xiraaging system is based on
Bragg reflection from spherically curved crystéls4, 7, 20]. The energy of 12 Nike
beams, ~500 J, is delivered to one or two silicackbghter targets producing x rays that
backlight and/or sidelight the main target for abdus. A spherically curved quartz
crystal selects the resonance line of the He-likd 86 keV) and projects a
monochromatic image of the target on the slit efstiray streak camera. Face-on and
side-on images are formed by two separate backliglaind spherically bent crystals. The
face-on streak record (Fig. 1, right) shows theeDlution of areal mass perturbations in
the target [3, 4, 7, 12, 21]. The monochromati@aximaging makes it possible to
translate the observed modulation of the optiaakttess directly into the modulation of
the areal mass. The side-on streak records gleftyv the 1D time history of the CH foll
acceleration, plastic-on-foam collision, the progtamn of shock waves and the dynamics

of the ablation front. Obtaining unambiguous sideiroages of extended targets is not



easy since the line of sight parallel to the tasgeface inevitably includes areas
illuminated by laser flux densities ranging from@éo the maximum. Alignment of a
double-foil target with the gap of 75-1p@n also presents a challenge. We substantially
mitigated both problems by using narrow targetfiwhe width close to the central part
of the focal distribution (~50Qm), see Fig. 1.

Figure 2 demonstrates the simulated and obsemddie history of a collision
for a target with a 3im thick CH foil separated by a 1p0n gap from a 20Qm thick,
10% solid CH density foam layer. Figure 2(a) Sraulated density map on tfe,t)
plane. The laser irradiation drives a strong shwake into the CH foil, compresses it
and sets it into the motion at constant mass Mgltlcat is associated with the shock
wave. Before the start of its acceleration, thettary of the ablation front on the,t)
plane is straight. The compressed CH foil plasragssto accelerate following the break-
out of this shock at its rear surface, when thefemtion wave reflected from it reaches
the ablation front{(= 1.4 ns). The acceleration makes the trajectory ofthlation front
on the(x,t) plane convex. Then at= 3ns the foil accelerated to ~16m/s collides with
the foam layer. Simulations indicate that the sai briefly produces a pressure of ~30
Mbar, which is 3.5 times greater than the press8rdbar maintained by the laser at the
ablation front. This pressure pulse generates tvamg shock waves. One of them
propagates forward into the thick foam layer, wiile other propagates back into the
thin, compressed and partly ablated CH foil plasiie ablation front is re-shocked
from the dense plasma side. The ablation frondigmiecompresses from the high shock
pressure to ~8 Mbar. The rarefaction wave that gagefrom the ablation front at the

instant of its re-shock carries the reduced preslack to the shock wave propagating



into the foam, rapidly slowing it down. This shdskhen fully determined by the
ablative pressure maintained by the laser ablatmwhthe foam density, as evidenced by

the shape of this shock{x,t) trajectory on Fig. 2(a), which is concave for arstime

interval, and then a straight line after 3.2ns. The re-shock impulsively changes the

velocity of the ablation front, which then staysistant, and it¢x,t) trajectory becomes

straight again starting from= 3.1 ns.

The 1D dynamics of the foil acceleration and sadi is visible in the side-on
streak record shown in Fig. 2(b) in greater detaih ever before. We observe the shock
compression of the CH foil and its subsequent dwmiunto a constant-mass-velocity

motion (straight(x,t) trajectory), which is followed by its acceleratigparabolic(x,t)

trajectory) and then by its collision with the fodemer. After the collision, the observed
(x,t) trajectory of the ablation front becomes stramygin, confirming that its
acceleration indeed ends at collision.
Figure 3 compares velocities of the shocks in 16#6 slensity foam produced
by direct irradiation of the foam with Nike beanag &nd by collision of the laser-
accelerated CH foil with the foam layer (b). Theps of the dashed lines exactly
corresponds to the shock velocity in the latteecaseraged from the instant of collision
to the observed shock breakout at the rear suréaxckit is very close to the observed
velocity of the shock wave driven into the foanmedtty by the laser. The constant
velocities of the shock front in the foam and & Hblation fronts at this stage are fully
determined by the ablative pressure maintainedhéyaser and the foam density.
Observed and simulated evolution of the dominantriér mode of the areal mass

modulation is shown in Fig 4. The thick lines wétpproximate error bars present the



experimental data from the face-on images. The jmekcorresponds to the same
conditions as Fig. 2, the light blue line to a ligfbam density: 10% and 20% of solid,
respectively. The signal is normalized with resgedts initial value corresponding to the
peak-to-valley 2um ripple amplitude of solid plastic. The small tistaft between these
two curves prior to the collision is due to a conation of difference in the actual foll
thickness and the timing relative to the startefliaser pulse. Thin red and blue lines
show the simulation results obtained in two-dimenal simulations for the same
conditions as pink and light blue lines, respedyivesing therAsT2D hydrocode
developed at NRL [22] with plasma radiation taketoiaccount.

After the start of the laser pulse, the simuldbeg histories show the each of the
areal mass modulation amplitudds passes through a minimum, changes its phase
twice, and then starts to grow. This is a signatdrae lateral mass redistribution in the
rippled rarefaction wave emerged from the rippleal isurface of the CH foil after the
shock breakout, as explained in [11] and observedur experiments [4, 12] (for detalils,
see the Appendix [23]). Figure 4 shows that thé/dane minimum and two phase
reversals are not well-resolved in this experinmgause our CH foil is thinner than
those used in [4, 12], andn near the minimum is very small. Our observatiaes a
nevertheless consistent with the presence of tmsmam and with the corresponding
delay in the onset of the RT growth.

The RT growth is quenched when the collision og@mnd the ablation front is re-
shocked. A re-shock of a material interface wouddstart a classical RM growth of its
perturbations. Since the linear RM growth rateragpprtional to the initial ripple

amplitude [16], a “heavy-to-light” re-shock of a teaal interface after a substantial RT



or RM ampilification of its non-uniformities wouldwg rise to a rapid growth of the areal
mass modulation amplitude in the negative directimplying a quick reversal of its
phase [24]. A similar increase of the RM growtlerat a re-shocked interface has been
observed in shock-tube experiments [25]. Our resuritsented in Fig. 4 do not
demonstrate such a behavior. Instead, the growttecdreal mass modulation amplitude
is seen to end with the re-shock and to be follobsedecaying oscillations around a
nonzero average value. This effect is robust andexhentirely by the collision. As
demonstrated in the Appendix [23], the quenchingpisdue to nonlinear saturation or
any other mechanism that would slow down the RTwvgnan the absence of the
collision.

Decaying oscillations of a non-accelerated ahtefiont have been predicted [1,
2] and observed [3-5] during the early-time shoskipression stage. It must be
emphasized that the oscillations seen in Fig. dheedifferent nature. First, their
frequency is much higher than that of the slowl@dmns of the ablation front driven by
the “rocket effect” [18], which for our experimehtmnditions is <0.1 13 [4]. Second,
these are oscillations around a non-zero averageehthe ablation front ripples, which
provide the largest contribution to the observezhbmass modulation amplituda, do
not change phase. On the other hand, the simudaigdbserved oscillation period, ~1

ns, is close to the sound wave peribfc,, whereA = 45um, and the speed of sound

in the re-shocked foil plasma is estimated fromdineulations to be- 5x10°cm/s. The
observed time history admtherefore involves fast areal mass oscillationheérippled
rarefaction wave [4, 11, 12] that emerges fromablation front after the re-shock,

superimposed upon the slow, also oscillatory, elaiudue to the ablative RM instability



[1-7]. Indeed, all our simulation results show ttie changes i@m after the collision
accumulate in the volume of the plasma rather tiear the ablation front [23].

To summarize, we report the first observationpesturbation evolution in an
ablation front, which is shocked from the densepla side. The plasma flow produced
this way has much in common with the previouslyl&d cases of ablative RM
instability (triggered when a shock wave is laurttfrem the ablation front to the target
plasma [1-7]) and feedout (started when a shocleviagaks out at the free rear surface
of the target [4, 8-12]). Like the latter case, phecess we observe starts when a shock
wave breaks out and generates a rarefaction wake the former case, the shocked
surface is an ablation front. Our observations erhat the ablation front becomes stable
as soon as its acceleration stops. Dynamics ddlttation front are directly observed,
including the period of its motion following thellision of the laser-accelerated foil with
a low-density foam layer, when its velocity stagsstant after the re-shock. We observe
the RT growth of the perturbations prior to thesheck and the quenching of the growth
thereafter. Thus we have demonstrated that thdigtgdvoperties of an ablation front
after its acceleration ends are the same as bédaaeceleration starts, in agreement with
the theory [2, 6].
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Figure captions

Figure 1.0rthogonal x-ray imaging diagnostics implementadhe Nike laser.

Figure 2.Simulated density map (a) and side-on x-ray strea&rd (b) for a CH foll
collision with a foam layer.

Figure 3.Side-on x-ray streak records for a directly ireaeld 10% solid density foam
layer (a) and a CH foil colliding with such a laye).

Figure 4.0Observed (thick, with approximate error bars) simulated (thin lines) time
history of the areal mass modulation amplitudénantirget. Arrow indicates the instant

of re-shock on simulated lines.
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