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Using a large volume high-energy-density fluid shear experiment (8.5 cm3) at the National Ignition
Facility, we have demonstrated for the first time the ability to significantly alter the evolution of a
supersonic sheared mixing layer by controlling the initial conditions of that layer. By altering the initial
surface roughness of the tracer foil, we demonstrate the ability to transition the shear mixing layer from a
highly ordered system of coherent structures to a randomly ordered system with a faster growing mix layer,
indicative of strong mixing in the layer at a temperature of several tens of electron volts and at near solid
density. Simulations using a turbulent-mix model show good agreement with the experimental results and
poor agreement without turbulent mix.
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Introduction.—In compressible high-energy-density
(HED) flows it has been generally assumed, as with early
fluid turbulence analysis, that the self-similar conditions
would quicklywipe out the initial conditions of the flowwith
the onset of turbulence [1] and all solutions would collapse
into one universal solution based only on local flow proper-
ties. This has been especially true for HED experiments,
where it was thought that the energetic particle or photon
preheat would tend to wash out any small scale initial
conditions, therein moving the layer quickly to a more or
less universal system. Here, in an HED experiment, it is
shownnot to be the case: rather, the initial conditions keep the
system from evolving into a universal state or even becoming
self-similar on longer than anticipated time scales, similar to
whatwas previously shown in fluid turbulence [2].We report
on experiments carried out at the National Ignition Facility
(NIF) laser system [3], which is capable of delivering over
1.8 MJ of laser light on a target, following the evolution of a
mixing layer [4–7] created inside a large volume HED shock
tube at tens of electron volts in temperature with a counter-
flowing shear geometry. These are the first HED experiments
to observe coherent structures evolving from the inherent
roughness in the system and demonstrate that, by controlling
the initial surface structure, the mix can be forced from a

highly coherent state to a strongly isotropic state indicative of
developed turbulence. In this experiment, we use∼600 kJ of
laser energy converted into a 250 eV thermal bath of soft
x rays to drive both sides of a shock tube (see Fig. 1) with
counterpropagating 10 Mbar shocks establishing a counter-
streaming shear flow of 100 km=s on both sides of a mixing
tracer layer. This experiment is unique for an HED hydro-
experiment in that this platform can support supersonic flows
lasting 35 ns in a counterpropagating geometry, and the

FIG. 1. Setup of the NIF shock-tube experiment showing the
internal elements of the shock tube between the two 50 μm thick
half-raum drivers, which are laser heated to 250 eV. The tube is
made of 250 μm thick Be with an inner diameter of 1.5 mm and is
4.95 mm in length. The mixing tracer layer Al foil extends along
the complete length of the tube past both Au plugs on opposite
ends. The 170 μm thick ablators are doped with 2% silicon to
reduce the M-band x-ray radiation from the half-raums which
reduces the preheat of the experiments. The rest of the tube is
filled with 60 mg=cc CH foam.
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volume of this platform is large enough that edge effects and
drive transients do not have time to propagate inward to
interfere with the physics over the time scale over which the
data are collected [8]. Varying the initial roughness on
otherwise identical aluminum foils, we have observed a
change in the behavior of themixing layer as it is forced from
typical Kelvin-Helmholtz (KH) coherent features [6,7],
corresponding to an initial Reynolds number of ∼103, to
an increasingly turbulent behavior with highly stochastic
features at an initial Reynolds number of > 105. Such a
system has relevance to astronomical plasma shear flows,
spanning the values thought to be present in protoplanetary
accretion disks (Re ∼ 103) to protostellar accretion disks
Re≳ 1010 [9], and has implications for the persistence of
initial conditions through instabilities in inertial confinement
fusion research [10].
A body of recent and ongoing work, starting from

George [2] in 1989, has shown the importance of initial
conditions in fluid flows tending toward self-similarity,
but not universal behavior. Slessor, Bond, and Dimotakis
[11] showed that the profile of material mixing across a
sheared mixing layer remains sensitive to the state of the
fluid inflowing to the mixing layer, even under fully
developed, self-similar conditions, and Pickett and
Ghandhi [12] showed that “the mixed fluid profile was,
therefore, not a unique function of local conditions, but
remained sensitive to the state of the inlet conditions even
in conditions considered to be fully developed.” In
particular, this sensitivity has been demonstrated to
depend on whether or not the fluid flowing into the
mixing layer’s splitter-plate geometry was itself initially
either laminar or turbulent. In addition, McMullan et al.
[13] recently showed that initial conditions may even
affect direct numerical simulations, the benchmark for
turbulence calculations. What we present here shows that
in our shock-driven HED mixing layer, which has a more
than adequately developed dynamic Reynolds number
(Red ¼ 107) to have evolved to be a fully turbulent
mixing layer, the initial scale lengths set by the shock-
surface interactions play the role of inflow condition scale
lengths and influence the intermediate late time mixing of
the developed flows.
Under HED conditions, i.e., > 1 eV and > 1 Mbar,

Rayleigh-Taylor and Richtmyer-Meshkov hydrodynamic
instabilities have been studied in several systems [14–16].
The KH shear instability has been less studied due to the
more difficult geometry and time scales for supporting the
flows. However, KH systems driven single sidedly by
impulsive decaying shock waves have been studied pre-
viously and typically in only one of the two mixing
materials or in the presence of imposed initial sinusoidal
seed perturbations [17–23]. This platform [8,24,25] uses a
10 ns indirect drive from two sides to support the shocks
during the experiment.
There are two important characteristics of the KH insta-

bility that deal with its interactions with the initial shearing

interface: first, that there is no minimum unstable wave
number, thus all seed wavelengths are in principle unstable;
and second, that shorter-wavelength perturbations grow
faster. This faster growth of smaller features is not typically
seen in experiments because in a fluid, these features are often
rounded, and are by nature not sharp interfaces. However, in
an HED fluid experiment, the fluid starts off as a solid, which
can be manufactured with extremely abrupt interfaces for
initial conditions that vary both in the longitudinal and
transverse directions in a broadband sense. However, in
practice, this solid is initially flashed into a plasma (usually
by laser-induced secondary radiation, e.g., hot electrons and/
or soft x rays) on the order of an eV just as the experiment
begins, which tends to erode the very small features as they
heat and expand. Using this knowledge, we designed a set of
experiments to take advantage of this characteristic by means
of a roughened foil thatwould still leave relatively small sharp
features to cause the instability to grow faster, and thus
transition into a turbulent regime more quickly than the
nominal smooth foil would. This is an analogous method to
that of hypersonic turbulent boundary-layer tripping [26,27],
where small features cause the flow to become turbulent.
Results.—Initial experiments were performed using the

Omega Laser System driven directly by 5 kJ of laser
energy on both sides. These experiments were reported in
Doss et al. [28,29] and were well modeled using the RAGE

[30] radiation hydrodynamics code running with the
Besnard-Harlow-Rauenzahn (BHR) turbulent-mix model
[31], an extended model of the k − ϵ type [32]. However,
these experiments did not last long enough for a full
determination of the late-time asymptotic behavior of the
system. Thus, a similar experimental platform was devel-
oped for the NIF [8,24,25] using indirectly (soft x-ray)
driven ablators. The platform is shown in Fig. 1, where we
can image either the edge or plan view. The edge view uses
x-ray radiography to look at the evolution of the foil mix
width, and the plan view looks through the foil at the
evolution of the structures on and in the foil, acquiring up to
four images per shot at various times. Each half-raum
produces a 250 eV thermal soft x-ray bath to drive
130 km=s shocks through the ablators into the system,
producing 100 km=s flows on both sides of the shear tracer
layer. This tracer layer is an Al foil with a nominal ∼0.3 μm
surface roughness (see Figs. 2 and 3).
Two roughnesses of Al foils were used, the nominal type

with a smooth∼0.3 μm rms profile (Fig. 2) and the other type
with an initially rough ∼5 μm rms surface (Fig. 3). The
smooth foil was cut from a simple rolled sheet of Al with an
intrinsic surface roughness of no more than 0.4 μm rms. The
roughened foil was created using a smooth foil with a coining
technique, where the coining stampswere sand blastedwith a
grit of specific sizes to produce a roughened pattern of∼5 μm
rms. The smooth Al foil was pressed between two patterned
Al stamps to prevent contamination, and the resulting surface
is shown in Figs. 3(a) and 3(b). These foils were initially
tested using the Omega laser, and reported in Merritt et al.
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[33], where the smooth foils did not exhibit the same coherent
behavior as those reported here, because of the smaller
experimental volume used there and additional transients.
The initial fluid Reynolds number can be used as a

first guide to see how the system will evolve. We use
the Braginskii plasma viscosity to calculate the initial
Reynolds numbers. Re0 ¼ LU=ν0, where L is the length
scale, U is the flow velocity (ΔV for counterflowing
geometries), and ν0 is replaced by ν0 ¼ 0.96ni0τ0kT ¼
1010ðA1=2T5=2

0 Þ=ðZ4
0 lnΛÞ [cgs keV], where A is the ion

species atomic number,T0 is the initial ion temperature,Z0 is
the initial effective charge state, and lnΛ is the Coulomb
logarithm (which is ∼1 for warm dense matter [34]). Both
types of Al foils are heated to∼50 eVwhen the shocks cross
as determined by simulations. The flow velocity is 100 km=s
on both sides of the foil after the shocks cross, which gives a
ΔV of 200 km=s. The foil has an initial density of about
1 g=cc, and an initial effectiveZ0 of 3.All scale lengths in the
system are the same for both foils, other than the surface
roughness, 5 and 0.3 μm rms (rough and smooth, respec-
tively), which is also the initial seed of any instability on the
interface of the foam and foil fluids, and thus is a natural
choice to be used in calculating Re0. For the smooth foil, one
calculates an inflow Re0 ∼ 103, which is high, but still in
the classically not-fully-turbulent regime [35,36]. While for

the rough foil, one calculates Re0 ∼ 105, which is well into
the classically turbulent flow regime. The overall mixing
layer Reynolds number, calculated conventionally at late
times using the overall dynamic mixing-layer width
(∼300 μm) as the scale length [11,35], remains over 106,
and is expected to be post-transition in both cases.
Reference [8] has details about how the tracer mix layer
evolves on the surface and in the bulk under KH shear, and
can be thought of as a half-layer for the energy and mix
analysis [25].
A time history of the layer seen in Fig. 4 was compiled for

both foils. The width of the mixing layer is measured using
a 6.7 keV (Fe He-α) x-ray source, which produced 8 kJ of
x rays [37], pinhole imaged onto a gated x-ray framing
camera [38], taking 2 to 4 images per shot over 3–5 ns. The
recorded images are shown in Fig. 5. An averaged lineout is
taken at the center line of the experimental image from peak
to 95% of peak and converted into a mix width. A similar
procedure is followed for the simulation data output from
the RAGE radiation hydrodynamics code [30]. From the
experimental data and the simulations, curves of the
simulated behaviors with and without a turbulent-mix
model can be generated to compare to the data. Figure 4
shows simulations both with and without the BHR mix
model [31] turned on at 18 ns, when mixing begins due to
strong shear. When the mix model is turned on, the shear
instability of the simulated layer can reproduce the behavior
of the layers much better, particularly matching the asymp-
totic growth rate of the layer in both cases. In contrast, the
lowest dashed line shows simulation without mix, which
does not replicate any of the data.

FIG. 2. Nominally smooth foil characteristics, showing an rms
surface roughness of ∼0.3 μm.

FIG. 3. Rough foil characteristics, showing an rms roughness of
∼5 μm.

FIG. 4. Experimental data plotted with simulations results. Red
squares are the nominally smooth Al data, blue diamonds are the
roughened Al data. The solid black line is from the simulations
with the BHR model using an s0 ¼ 8, the dot-dashed line is with
the BHR model using an s0 ¼ 2, and the dashed line is the same
simulation without the BHR model.
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The BHR model is initialized with an initial scale length,
denoted s0, which sets the initial turbulent length scales
and, at time zero, compares to the perturbations on the
interfaces [39]. In the case of the nominal Al foil, this
parameter needs to be set to 2 μm when the model is
activated at 18 ns. For the roughened case, the parameter
needs to be increased by a factor of 4. The asymptotic
spreading rate of the layer is seen in both cases to become
linear, as is expected of shear layers as they achieve self-
similarity [11], yet at different rates.
We also call attention to the plan-view images in

Figs. 5(c) and 5(d) of the two types of Al foils. We can
see here that the smooth Al layer develops coherent
structures, which are highly reminiscent of the traditional
KH eddies, typically called rollers, seen in fluid hydro-
dynamic shear experiments [4–7]. These structures grow
and can become quasisteady, and will strongly contribute to
the growth of the mixing layer only after they saturate and
energy begins to populate secondary instabilities which will
merge the rollers and generate new eddies of smaller sizes
[40–42] at later times. These secondary and tertiary
mechanisms eventually populate the turbulent cascade,
which will then finally speed up the mixing of materials
across the layer [43]. Reference [8] shows in detail how we
derive the dispersion relationship for the instabilities in this
counterstreaming thin-tracer case.
When the tracer layer is changed from the smooth to the

rough foil, the initial seeds are now much larger, yet small
enough for strong growth, and are not washed out by the
laser preheat which occurs in the layer. The small seeds of

the rough foil (5 μm rms) stay relatively sharp, compared to
the smaller seeds (0.4 μm rms) of the nominally smooth
foil, and these larger seeds lead to broadband growth as
expected in the system. This allows the system to keep
adding energy into the mixing layer, causing it to expand at
the code-predicted rate for a fully turbulent system.
Looking at the plan views, Figs. 5(c)–5(d), there is an
obvious difference between the smooth and the rough foil’s
behavior. In the smooth foil case, Fig. 5(c), there are dark
bands near the center, which are persistent in time,
indicative of KH eddies, i.e., rollers. In the rough foil
case, Fig. 5(d), at an early time (21 ns) we can begin to see
the growth of the same type of roller features seen in the
smooth foil (at 28 ns), but the rough foil quickly becomes
much more homogeneous with much more small scale
cellularlike structures early in time (21–24.5 ns), washing
out later in time (34.5 ns). Clearly, more energy is deposited
into the layer as the rough layer grows much faster than the
smoother layer as seen in Fig. 4. Strong (particularly
spanwise) three-dimensional forcing is known in experi-
ments to be capable of speeding the secondary instabilities
and subsequent mixing [44,45]. In the smooth Al data,
Fig. 5(c), one can see that the rollers are beginning to pair
and kink at ∼33.8 ns following the principal subharmonic
instability [46] with a maximum growth rate of half that of
the principal KH instability [40].
Conclusions.—In summary, we have shown that by

changing the initial conditions of the foil roughness, from
0.4 to 5 μm rms,we are able to affect the evolution of theKH
instability and the transition into a more mixed state of the
tracer layer. In simulations, without the turbulent-mixmodel
turned on, the layer does not expand, but is instead pressure
balanced and does not grow significantly over 10 ns. Using
theBHRmixmodel, the data arewellmatched for the case of
the rough Al tracer layer, and are matched for late times for
the smooth foil, when at those times more energy is
transferred from the coherent structures to the turbulent
field, where the initial conditions have less influence on the
trajectory of the mix width as the system transitions to full
turbulence. In inertial confinement fusion, the surface
roughness of the fuel capsule is tightly controlled due to
worries of instability growth and feedthrough to the central
hot spot. If hydrodynamic mix is present and small features
begin to grow instead of being washed out as is generally
assumed, shear growth could lead to another significant
source of mix into the fuel, especially when asymmetries
arise, damping the energy and neutron yield. For the first
time in an HED experiment, we have observed and dem-
onstrated the transition of a system seeded with broadband
structures from KH coherent structures to a system with a
more homogeneous cellularlike structure indicative of
strong mixing and turbulence, and matched the measured
mix layer width to a simulation that has evolved from the
same conditions using a turbulent-mix model.
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