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Interface imprinting by a rippled shock using an intense laser
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Perturbation imprinting at a flat interface by a rippled shock has been observed in a laser hydrodynamics
experiment. A strong shock was driven through a three-layer target, with the first interface rippled, and the
second flat. The chosen thickness of the second layer gave instability growth with opposite phases at the two
interfaces, consistent with two-dimensional simulations and rippled shock theory.
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In a type Il supernova, a strong radially expanding shockassembly, the section of the tube containing the Cu polyim-
crosses from the collapsed core of the star into the overlayingle plug is bored out to inner diameter 445. The surface
layers[1]. Asphericities in the core, convection behind the of the Cu layer is machined with a sinusoidal ripple of wave-
shock during shock formation, and density perturbations inengthA =200um and amplitudeyya=15um. A 10 um CH
the layers above the core can distort the shidtlkand im-  ablator (density 1.05 g/crf) at the laser drive end of the
print perturbations at interfaces separating layers above thHarget prevents direct illumination of the Cu and associated
core. These interface perturbations can grow by thereheating of the rest of the target. Embedded within the
Richtmyer-MeshkoRM) [3] and Rayleigh-TaylofRT) in- polyimide layer is a tracer strip of QA.3 atomic % B,
stabilities[4] and affect the ejection 6PNi, produced in the ~with density 1.42 g/crh The tracer strip is 75um thick
O layer by explosive nuclear burning behind the shock. Inperpendicular to the polyimide-foam interface and 200
inertial confinement fusiofb,6], multiple shocks are used to thick parallel to the ripples on the Cu-polyimide interface. A
compress a fuel capsule, and shock-imprinted interfac&5 um thick, 2.5 mm diameter Be shieldot shown with a
perturbations can strongly degrade the performance ofentral aperture of 95am diameter is mounted at the front
the capsule. of the target.

In linear theory for compressible fluids, single-mode sinu- The target is driven by ten beams of the Omega laser with
soidal perturbations of wavelengkhon the shape of a planar a nominal measured energy of 420 J/beana il nspulse at
shock front oscillate with an amplitude that decreases asa laser wavelength; =0.351um. The beams are smoothed
ymptotically as a power law with distance traveled, with ex-by distributed phase plat¢s1], which determine the size of
ponent —1/2 for strong(high Mach number shocks, and the beam spots. Six beams are incident on the ablator at an
—3/2 for weak shock¢Mach number near)1[7—9]. When  angle of 23.2° from the target normal, azimuthally oriented
the shock reaches a flat interface with a density step, th#n a symmetric hexagonal array; four beams are incident at
shock imprints a perturbation of wavelengtion the inter-  an angle of 47.8°. The spatial profile of each beam is a super-
face. The growth rate and phase of the interface perturbatioBaussian with an intensity given by (W/cn?)=8.9
is determined predominantly by the longitudinal velocity X 10*3exd —(r/412um)*’]. The peak intensity in the over-
perturbation of the shock at the moment the shock hits théapped spot is 7.2 10**W/cn?, and the average intensity on
interface, and is largest when the velocity amplitude is at dhe CH ablator over the 950um diameter is 5.7
maximum [6]. We have performed experiments at the X 10"Wi/cn?. Absorption of the laser light couples energy
Omega laser at the University of Rochedt®d] in which a  into the CH ablator at or below the critical electron density,
perturbed planar shock imprints a perturbation at a materigdnd electron heat conduction carries some of this energy
interface having a step down in density. from the absorption zone to the ablation front. The laser

Figure 1 shows an exploded view of the target used fomblation generates a hot, low density, high velocity “exhaust
the Omega laser experiments. The target consists of thrggasma” which, by reaction impulse, produces a strong, 35
main layers of material in a cylindrical Be shock tube, with Mbar shock transmitted forward into the Cu. The shock is
initial density decreasing in the direction the shock travelsperturbed is it crosses the Cu-polyimide interface, and oscil-
The materials are Cu: polyimide plastic: carbonized resorcitates until it reaches the polyimide/@Bf)-foam interface,
nol formaldehyddCRF) foam, with thicknesses 85, 150, and where it imprints a perturbation. Both interfaces are observed
1700 um and densities 8.93, 1.41, and 0.1 gicmespec- side-on with hard x-ray radiography, using a gated framing
tively. The Be tube delays lateral decompression of the tareamerd 12]. Eight additional Omega beams are focused onto
get, giving a more planar shock. The tube has an outer radius 12 um thick Fe backlighter foil located 4 mm from the
of 550 um and an inner radius of 40@0m. For ease of target target, generating 6.7 keV x-rays to which the Cu and the
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FIG. 1. (Color). Exploded view of the targefa) CH, (b) Cu, (c)
polyimide, (d) CH(Br), (e) foam, (f) Be tube. Inset: schematic den-
sity.

CHA(Br) tracer strip are opaque, and the polyimide and foam
nearly transparent. Nearly all of the contrast at the FIG. 3. (Color). CALE simulation of one half wavelength of
polyimide/CHBr)-foam interface comes from the tracer perturbation. From .bottom: heayy I?ne.s separate Cu, polyimide,
layer, allowing visualization of the shock-imprinted structure CH(Br), foam. Density scale at right is in g/ém
at that interface over only the central 2@dn of the target
along the line of sight, without edge effects near the wall oftion at the Cu-polyimide interface. Due to the lack of an
the shock tube. accurately determined EOS for the fodi8], we use an
We use several hydrodynamics codes to design and simideal gas EOS with fixed isentropic exponept 1.286,
late the experiments. The first#yADES, a one-dimensional which reproduces the observed shock speed in the foam. Af-
(1D) code with laser deposition, radiation transfer, heat conter the mapping time, the problem is purely hydrodynamic,
duction by electrons, average atom ionization, and tabuladue to the relatively high densities and low temperatures
equation of stat¢éEQS [13]. The second code useddsLE, involved. This was confirmed by runningaLE with heat
which has 2D planar arz axisymmetric geometry, arbitrary conduction by electrons and radiation turned on or off in
Lagrangian-Eulerian hydrodynamics, interface tracking, andlifferent simulations. In the 2D simulations, we use planar
tabular EOS14]. We have also done 2D simulations with geometry, because the Cu-polyimide ripple is 2D, but the
the astrophysics cod®oOMETHEUS[15]. While astrophysical cylindrical shock tube introduces 3D edge effects. We have
simulations withPROMETHEUShave used complex equations simulated the purely axisymmetric problem having no per-
of state, these ne®ROMETHEUSSImMulations are the first us- turbation at the Cu-polyimide interface in both cylindrical
ing tabular EOS for laser experiments; previous work usednd planar geometry, and found less than a 5% difference in
ideal gas EO$16,17]. We model the input of laser energy in the interface and shock velocities, and little qualitative dif-
HYADES, allowing the shock to form and cross the flat CH ference in the planarity of the shock.
ablator and Cu layer. At timé=2.1ns, when the shock is In Fig. 2 we show how the shock oscillates with distance
about to reach the valley of the 2D perturbation at the CuAz traveled in the polyimide, from a simplified 2DALE

polyimide interface, we map density, velocity, and temperasimulation of the experiment in which we model only the Cu
ture or pressure into the 2D codes, and impose the perturba-
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FIG. 4. (Color). Data and simulations. Bottont=39 ns. Top:
FIG. 2. (Color). Spatial @) and velocity &,) amplitudes of t=65ns. Left: data. Middle: CALE density. Right: simulated radio-
shock perturbation vaz. graph of PROMETHEUS results.
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and a thick polyimide layer, with no foam layer or Be tube. CH(Br)-foam interface could ostensibly produce in-phase
We model one half wavelength of the perturbation, usinggrowth. Thus, in order to unambiguously demonstrate shock
reflecting boundaries in the lateral direction. The heavy osimprinting experimentally, we used targets withz
cillating line is the spatial amplituda of the shock and the =150um, to give out-of-phase growth.
light oscillating line is velocity amplitudes, =da/dt. We In Fig. 4 we show results from the experiment. The top
takeAz as the distance between the initial average Cu-plastigngd pottom panels are for timés=39 and 65 ns, respec-
interface position and the average shock position, @&  tjvely. The left panels are side-on radiographs from the ex-
the peak-to-valley amplitude. We note thatinverts by  periment, the middle panels shows density from thaeE
Az/\~1 and again byAz/A~2. Becausa is decaying with  simulation, and the right panels show thROMETHEUSre-
Az, |a,| reaches a local maximum not Az/\~1 but at  sults as simulated radiographs; simulated radiographs of the
Az/\~0.75, i.e.,Az=150pum. CALE simulations which in-  caLE results look very similafnot shown. Fort=39ns, the
clude the foam layer predict stronger imprinted growth forfie|d of view isz= 250 to 1100um andr = —500 to 500um,
Az=150um than forAz=200um. These results are con- yjth the axis of the tube at=0 um. Fort=65 ns, the field
sistent witha,, determining the phase and amplitude of theof view is z=450 to 1100um andr = —500 to 500um. In
imprinted perturbatiof6], but the full interaction of the spa- the simulations, we model the full target, including the Be
tial and velocity amplitudes and the role of nonlinear effects;ype and washer. Both 2D simulations are run on the same
require further investigation. Finally, although the Machfixed Cartesian grid. The resolution in the simulations is ap-
number of the shock is greater than 5, a weak-shoclafit, proximately 4um per zone but with finer resolution in tfze
~Az ¥ (solid line in Fig. 3, is much better than a strong- direction near the Cu-polyimide interface to represent the
shock fit,a~Az~ 2 (dashed ling This suggests that overall injtial interface ripple more accurately. The resolution is
decompression of the target may affect the shock stability, aioarser in the direction in the Be tube and washer, where
least asymptotically, foAz>\. Analytic theory describing higher accuracy is not needed. The agreement between the
the imprinted perturbation has been done for the asymptotigata and codes is very good. The long dark “fingers” in the
regime[6], whereas imprinting in the experiment occurs atdata are spikes of Cu expanding in the rarefaction reflected
Az<\. We will continue our analysis of the shock oscilla- from the CHBr)-foam interface; bubbles of polyimide sepa-
tion and imprinting elsewhere. rate the spikes. The horizontal strip of opaque material above
Figure 3 illustrates the hydrodynamics of the experimentthe Cu spikes is the QiBr) tracer. We can easily see im-
again from a simplified 2[ZALE simulation, but now includ-  printed growth at the CHBr)-foam interface. The CHBr)
ing the CHBI) tracer and the foam layer. The thickness of spikes are out of phase with the Cu spikes, as expected. The
the polyimide CHBr) layer is Az=150um. We again shape of the CHBr)-foam interface is reproduced reasonably
model only one half wavelength of the perturbation; for clar-well in the simulations.
ity we reflect the result across=0 in each panel of Fig. 3. Other features are available in the data for benchmarking
The field of view isz=0 to 1000um, with the initial back  simulations. In the simulations, dense shock compressed
side of the CH ablator at=0 um. At the mapping timef  foam and the shock itself are visible above the tracer strip;
=2.1ns, the planar shock is clearly visible approaching thehe shock is faintly visible in the data. The inner part of the
Cu-polyimide interface. By=5 ns a perturbed transmitted Be tube wall is visible in thecALE simulation in Fig. 4. In
shock has entered the polyimide and a reflected rarefaction the data, the inner walls of the transparent tube are marked
moving back through the Cu. The RM instability has partly by the sharp edges at the left and right of the(Bbl. At left
inverted the Cu-polyimide interface, which is now decelerat-and right in thecALE simulation, a large vortex ring of tube
ing and RT unstable, because the gradients of pressure anghterial and entrained foam is visible bulging from the inner
density are opposed there. By 8.4 ns, the Cu-polyimide tube wall into the polyimide; its inner edge is faintly visible
interface is almost fully inverted, and the shock is about tan the data. At the base of the Cu spikes, the Cu and the Be
reach the CKkBr)-foam interface. The shock has oscillated totube are blowing out laterally. In the data, a left-right asym-
reduced spatial amplitude, and the amplitude of the velocitynetry in the Cu spikes is evident; it is due to the tube axis
perturbation on the shock is approaching a maximum, conpassing between a valley and a peak of the initial machined
sistent with Fig. 2. Byt=15ns the shock has crossed theperturbation. The codes reproduce the asymmetry. In the
CH(Br)-foam interface and imprinted a velocity perturbation data, a smaller distorted spike of Cu is visible on the left,
in phase with the velocity perturbation of the shock at thenear the vortex ring. This spike appears longer in the simu-
crossing time; that interface is now RT-unstable. Meanwhilelations. In the true geometry, this spike grew from a short
a reflected rarefaction has moved back through theipple parallel to the nearby tube wall; thus, it is subject to
polyimide/CHBYr) layer and reaccelerated the rippled Cu-3D effects which are not simulated, and furthermore has low
polyimide interface, where density and pressure gradients amgptical depth in the data. In the full set of data, to be reported
no longer opposed. By=39ns the perturbation at the elsewhere, several radiographs show the shock, the shock
CH(Br)-foam interface has grown, with the “bubble” of compressed foam, and edge of the vortex ring very clearly,
foam rising towards the falling spike of Cu. The Cu spike isand the simulations are in agreement with these data.
greatly elongated by the rarefactiobALE simulations with PROMETHEUS shows more fine structure along the Cu-
Az=2\=400um predict in-phase growth, with the bubble polyimide interface thacALE; such fine structure is not well
of foam rising towards the bubble of polyimide. In this case,resolved in the dataPROMETHEUS has intrinsically higher
the additional effect of the Cu spikes directly perturbing theresolution[17], as also suggested by the finer detail in the
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spike tip rollups at the CHBr)-foam interface. The interface We have successfully produced perturbation imprinting
tracking inCALE may also suppress fine structure. by an oscillating shock in a laser hydrodynamics experiment,

We do not yet have a satisfactoaypriori model of the ~USing a three-layer Cu-polyimide/@Br)-foam target in a
fully 3D laser drive. INHYADES we treat the overlapped shock tube, and have observed behavior qualitatively consis-
beams simply as a single beam incident normal to the surt—ent -Wlth theory for a rippled shock. The hydrqdyn_amlcs

. . . _ ) studied are relevant to type Il supernovas and to inertial con-
face; preliminary 2D simulations i0ALE suggest that using  finement fusion. A planar shock was perturbed by a single
multiple beams with non-normal incidence does not changenode sinusoidal perturbation at the heavy-to-light Cu-
the result significantly. However, if we use the full nominal polyimide interface, resulting in an oscillating shock that im-
laser intensity irHYADES, the interface and shock velocities printed a perturbation at the initially flat, heavy-to-light
in CALE are too high. For the simulations in Fig. 4, we usedCH(Br)-foam interface. By carefully choosing the thickness
an ad hoc drive with a constant intensity of 3.5 of the polyimide, we were able to produce instability growth

4 ..~ with opposite phases at the two interfaces, indicating that
X 10 W/ent across the face of the plug, thus delivering perturbation growth on the second interface was seeded by

65% of nominal energy to the plug. This drive reproducedihe passage of a rippled shock. Hydrodynamic simulations
the observed gross 1D and 2D hydrodynamics, as determinggere in very good agreement with the data. Oscillation of the
by the velocities of the shock and the interfaces, and by otheshock is evident in the simulations, and the phase and am-
features discussed above. Also, if we map into the 2D codeplitude of the imprinted perturbation on the initially flat in-

from multiple 1DHYADES simulations having laser intensity terface appear to be determined by the velocity perturbation

that varies spatially with the true radial intensity profile, the©" the shock.

shock is noticeably more bowed in the simulation than in the  Thjs work was performed under the auspices of the U.S.

data. Using constant intensity across the plug produced pepartment of Energy by University of California Lawrence
more planar shock, in better qualitative agreement with the.ivermore National Laboratory under Contract No. W-7405-

data. Eng-48.
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