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(a) Abstract: We carried out the research proposed in the proposal and de-
veloped a specific concept for the generation of fully developed Rayleigh-Taylor
turbulence on NIF.

(b) Objectives: The only objective was to develop a specific concept for the
generation of fully developed Rayleigh-Taylor turbulence on NIF. See below.

(c¢) No publications have yet been produced.
(d) Other relvant information follows.

Under this contract we carried out the design study that we proposed. We
demonstrated that NIF is capable of producing self-similar turbulence resulting
from the Rayleigh-Taylor instability. Our detailed study shows that NIF can in
fact produce a more-developed turbulent state than we estimated in the pro-
posal. Thus, NIF can go far beyond any previous experiment in the generation
of a hydrodynamic state that can be described as fully developed turbulence.

To accomplish our study, we first assessed what sort of experimental system
NIF was capable of driving, for modest values of the laser parameters. We
developed a desgin for a specific target that could produce Rayliegh-Taylor
turbulentce. We then performed hydrodynamic simulations of of this system.
We analyzed the results of these simulations to determine the likely evolution
of the turbulence in a NIF experiment.

The results of our work are discussed in the following, which is a draft paper
for publication. We are now undertaking multidimensional simulations, which
will also be included in the paper before it is submitted.



A preliminary design of a two-dimensional Rayleigh-Taylor
experiment on NIF

Abstract

An preliminary design of an experiment meant to investigate the evolu-
tion of multimode Rayleigh-Taylor instability (RT) is presented. This ex-
periment is intended to provide a direct measurement of the two-dimensional
bubble front evolution in the hydrodynamic regime. RT growth for the
proposed design has been analyzed using one-dimensional direct numerical
simulations in HYADES, and a self-similar behavior model. The proposed
design assures a significant bubble merging process (~ 3-4 bubble merger
generations), bringing the bubble front to the self-similar stage. The de-
sign takes advantage of the National Ignition Facility (NIF) capabilities
to provide a large enough laser spot area (~0.5-1 cm?), along with a low
enough drive, so preheat effects remain reasonably small.

1 Introduction

The Rayleigh-Taylor (RT) instability [24, 25] occurs when a light fluid acceler-
ates a heavier fluid (or where a pressure gradient opposes a density gradient).
This instability is of high importance in designing Inertial Confinement Fusion
(ICF) capsules [11, 15, 23] and in understanding many astrophysical phenomena
[3, 12, 21, 6, 19]. Under unstable conditions (i.e. when VP - Vp < 0, where P
is pressure and p is density), small perturbations on the interface between the
fluids grow into bubbles of light fluid penetrating the heavy fluid and spikes of
heavy fluid penetrating the light fluid, eventually creating a turbulent mixing
zone (TMZ). Our interest in the current work is in the very late-time TMZ
evolution.

In the simple case of a periodic single-mode initial perturbation, the flow is
governed by the single bubble evolution. When the amplitude to wavelength
ratio is small (i.e. a/\ < 1), the perturbation grows exponentially in time:

a(t) =ag - e (1)

where v = /Akg, k = 27/ is the mode number and A is the Atwood number
[24]. When the perturbation continues its growth, and the ratio a/\ reaches the
value of ~ 0.1, harmonics of high-order develop [27, 28], and the linear solution
presented in Eq. (1) is no longer valid. For A # 0 these nonlinear harmonics
results with asymmetries between the bubble and the spike in second order. In
the third order, they result in a velocity reduction due to the inertial drag force
acting on the bubble and spike. At very late times, the perturbation growth
rate reaches an asymptotic value, and bubbles and spikes grow with a constant
growth rate of up s = 1/2A4/(1 £ A) - gA\/Cy [13], where the plus and minus signs
are for bubbles and spikes, respectively, and Cy is a drag coeflicient, equal to
27 for two-dimensional geometry.

When the initial perturbation is a multimode one, the TMZ evolution differs
from the simple single-mode case. The flow is governed by an inverse cascade




process (i.e. bubble competition), and larger and larger structures are contin-
ually generated [9]. In the bubble competition process, large bubbles overtake
the volume originally occupied by smaller bubbles. Due to this mechanism,
the average wavelength (\) of the multimode perturbed interface increases with
time and the width of the overall perturbation grows faster than in the case of
a single-mode interface. Alon et al. [1, 2] presented a statistical bubble compe-
tition model to study the temporal evolution of the multimode RT instability
front, addressing it as a two-dimensional array of rising bubbles, moving in their
single-mode asymptotic velocity and competing with their smaller neighbors. It
was found, that after ~ 3 merging generations the large-scale structure in the
mixed region (i.e. the bubble front size distribution) reaches a self-similar behav-
ior (a generation is defined as a factor of 2 increase of the average wavelength).
In this regime the initial conditions are forgotten, and the amplitude temporal
evolution of the RT bubble front is:

hb = Oszth (2)

with « ~0.05. Similar results were found in numerical studies [26, 5]. The
RT spike front was found to exhibit similar behavior, hy, = a,Agt?, where
as = f(A), where f(A) is a specific function of Atwood number. The ratio
between the bubble front average height and average wavelength was found to
depend on the Atwood number, hy/(A\) = b(A), having:

1

YA~ A )

The Alon et al. model was later expanded to three dimensional geometry
by Oron et al. [20]. The three dimensional model predictions were compared to
the Linear Electric Motor (LEM) experimental results presented by Dimonte &
Schneider [4], with good agreement for the scaling parameters ay, s and hy/(\).
However, the experiments did not provide a direct measurement of the bubble
front size distribution due to their 3D nature, and the models validity in this
manner was not confirmed. Hence, we will try to establish an experimental
platform, in which the 2D, multimode RT instability evolution can be measured
directly, having a large enough number of bubble generations. In specific, we
focus on driving a system having the maximum possible RT growth on NIF.
This will be done using one-dimensional HYADES simulations for predicting
the typical time scales and possible acceleration and Atwood numbers profiles,
and then evaluating the RT growth assuming self similar behavior.

The potential of NIF to do fundamental hydrodynamic experiments requires
a design that best exploits the available energy and potential diagnostics. The
use of NIF as the drive platform in this design holds the benefit of obtaining a
ratio of target width to the average initial wavelength of L/()\o) 2 100 and a
linear RT growth factor of ~ 100. Both of these would be substantial advances
in the state of the art.

The 2D case which is the primary focus here offers the advantage that one
can very cleanly diagnose the 2D structure. However, 3D effects will eventually



disrupt this structure and will put a limit on how far a 2D system can evolve
as such. The experiment design discussed here can be used with 3D initial
conditions to explore the evolution of 3D RT turbulence. In this case, it will
be diagnostic resolution that determines the degree to which one can examine
the spectrum of modulations. Ultimately, the thickness of the x-ray sheet that
can produce good signal to identify the interface will determine the smallest 3D
features one can distinguish and the range of bubble sizes one can sample in a
statistically meaningful way.

2 Basic considerations

Here we present the basic considerations for the experiment. We start with a
description of the laser platform parameters and requirements, and then describe
the target composition and dimensions.

In order to have obtain a measurement of the bubble front shape and spec-
trum, we consider an open planar geometry where the system can evolve without
the hydrodynamic or diagnostic consequences of stagnation events or geometri-
cal artifacts. Also, we focus on a blast wave RT driven design, as was done in
some past studies [21, 14]. In order to achieve that, one must have:

e A large enough time scale to allow several merging generations.

e Negligible effects of radiative preheat from the laser corona upon the per-
turbed interface. The radiative preheat caused by x-rays emitted from
the ablating material [8] can change the hydrodynamic nature of the flow.
This effect is modeled in the 1D simulations presented in section 3 and
is suppressed by a thermal insulator composed of brominated plastic, dis-
cussed below.

e Negligible effects of electron preheat. The electrons in the thermal dis-
tribution produced in this general class of experiments cannot penetrate
through many microns of plastic material and have no ability to affect
the interface of interest. However, in general laser-target experiments can
produce suprathermal distributions of electrons by means of laser-plasma
instabilities and such electrons, or the x-rays they emit, can in principle
perturb an embedded interface of interest. In the experimental design
presented here, we minimize the potential for this by keeping the laser
irradiance below the upper limit of ~ 103 TW /cm?.

e Insignificant additional two and three dimensional effects. An example
of such an effect is the rarefaction that moves radially inward from the
outer boundary of the laser-driven, high-pressure plasma. This requires
that the laser drive spot size should be large enough so information mov-
ing radially inward from will not significantly influence the phenomena of
interest within an interior volume that can be diagnosed. We discuss this
is section 4.



In experiments of this type, the laser has two purposes. First, it must
drive the hydrodynamics of interest and second, the laser must provide the
diagnostic energy. This leads to the use of a laser pulse of several ns, with a total
experimental time scale of tens of ns. The diagnostic approach of interest here
is imaging x-ray Thomson scattering (XRTS), which can create a sheet of x-rays
and to detect material interfaces by the diference in scattered intensity across
these interfaces. This will enable measurement of structure on an interface
along a slice through an experiment, just as do laser induced fluorescence and
particle image velocimetry. The diagnostic system is described in detail for NIF
parameters in [10], and will not be discussed in the present work.

For evaluating the possible experimental regimes, we make several assump-
tions about NIF,s:

e NIF can operate at ~ 700 kJ for these experiments, with 350 kJ able to
irradiate the planar surface of interest. (The other 350 kJ are available
for the diagnostic.)

e the pulse length will be < 3 ns. For the specific design discussed here, we
use a pulse length of 2 ns.

e the available Distributed Phase Plates (DPPs) will allow one to overlap
half the NIF beams (96) to obtain an adequately uniform spot several mm
in diameter

These specific numbers correspond to a total power of 175 TW. If, for exam-
ple, one uses a 4 mm diameter of the irradiated spot, L, produced by overlapping
the 96 beams, one obtains an irradiance of ~ 350 TW /cm?. This irradiance is
low enough to avoid significant preheat by fast, superthermal electrons. In ad-
dition, if the typical initial wavelength of the perturbations is (Ao =~ 50 pm,
we get L/{\g) ~ 80.

A schematic description of the target is presented in Fig. 1. The first layer is
a polycarbonate ablator, with a density of 1.2 g/cm? and length of 100 pum. This
length is required to ensure that the ablator is not consumed by the ablation
front created on the ablator face, so no interaction between the laser and the
target inner layers will occur. Following the concept presented in Glendinning
et al. [8], the second layer is made from another 100 pm thick brominated
polystyrene (CsoHysBra), with a density of 1.2 g/cm®. This layer is needed in
order to prevent x-ray pre-heat effects on the material interfaces of the target, so
that the interface stays sharp. Interface broadening by preheat may inhibit the
RT growth, decrease the blast wave velocity or cause significant changes in the
initial condition. Note that both layers lengths were optimized using radiation-
hydrodynamic simulations for the specific experimental design, described below.
The third layer consists of a 2500 pum thick low-density (0.1 g/cm?) carbon foam
(CRF). This layer is used as the low density material for the RT evolution, and
has to be long enough to prevent information returning from its back side during
the experimental time frame. Note that because the target thickness is smaller
than the irradiated spot, one expects the shock wave and interface to remain
planar during this experiment. This is discussed further below.
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Figure 1: (color) Schematic description of the proposed target, not to scale.
Dimensions are given in pm.



3 One-dimensional dynamics

In order to evaluate the possible one-dimensional time scales and RT relevant
properties, one-dimensional simulations were conducted with the HYADES code
[16]. HYADES is a Lagrangian hydrodynamic code with multigroup-diffusion
radiation transport, single-group, flux-limited diffusive electron heat transport,
a laser absorption calculation, and average-atom ionization, tracking total mass
density and momentum density and independently solving for the electron and
ion temperatures. The simulation used a SESAME equation of state for CH.
Three laser drive irradiance values were considered for the one-dimensional sim-
ulations - 100, 250 and 500 TW/cm?. This spans the range likely to be of
interest for the experiment. We note that the irradiance used in 1D simulations
typically must be reduced by some factor of order 30% to match experiments.
As a result, the simulations at 250 TW /cm? likely correspond to what one might
observe at the nominal value of 350 TW /ecm? discussed above.

Density and electron temperature contour maps in the X-t plane are pre-
sented in Fig 2 for all three laser irradiance values. It can be seen in Fig 2a-c
that the laser energy deposition launches a shock wave into the ablator, fol-
lowed by an ablation front. When the laser pulse ends at 2 ns, the shock wave
turns into a blast wave, transmitted into the CRF foam at ¢ =~ 5.5, 4 and 3.1
ns for the laser irradiances of 100, 250 and 500 TW /cm3, respectively. The
RT unstable interface (preheat shield/CRF interface, marked with solid black
lines in the figures) is initially accelerated to some initial velocity (different for
each irradiance) and then decelerates, according to the blast wave profile. It
can be seen that the initial RT interface velocity and the following deceleration
increase with laser irradiance. When examining Fig. 2d-f, one can see that the
temperatures inside the preheat shield and the CRF increase with laser irradi-
ance as well. The preheat effect (i.e. RT interface movement prior to the blast
wave passages) is negligible for the irradiances of 100 and 250 TW/cm?. In the
500 TW /cm? case (Fig 2c), the interface moves ~ 5 um prior to the blast wave
arrival.

In Fig. 3 the one-dimensional profiles from the 250 TW /cm? simulation of
the density, pressure, velocity and electron temperature (log;, scale) are shown
for t=10, 20 and 30 ns. A typical blast wave shape is evident on the density,
pressure and velocity profiles, with densities and pressures of 0.5-1.0 g/cm? and
1-2 Mb. A sharp density jump on the interface between the preheat shield and
the CRF is evident for all times. The temperature in the unshocked material
is relatively low at all three times, approximately 6 - 10~° keV, indicating that
radiative pre-heat remains small.

In Fig. 4 the Atwood number, acceleration, and velocity of the interface are
presented as a function of time. Also shown is the position of the interface (Fig.
4d). The predicted post blast wave passage Atwood number is ~ —0.5 (Fig 4a).
By examining the acceleration profile (Fig. 4b-c), we can see that the blast wave
front accelerates the interface to peak values of ~ 30, 50 and 70 pm/ns for 100,
250 and 500 TW /cm? laser irradiance, respectively. Immediately after that, the
interface starts to decelerate in a decaying fashion. Since the Atwood number
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Figure 2: X-t contour map of log,(p) (a-c) and log,y(T;) (d-f) from the one-
dimensional simulations preformed with laser irradiance of 100, 250 and 500
TW /cm?. Solid black lines represents the brominated preheat shield and CRF
foam interface position. Here t=0 and x=0 represent the laser drive initiation
time and the initial laser-driven-surface location, respectively.
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Figure 3: (color) One-dimensional profiles of the density (a), pressure (b), veloc-
ity (c) and logy of electron temperature (d) from the one-dimensional simulation
with laser irradiance of 250 TW /cm?, at t=10 ,20 and 30 ns.

is negative at all times, the transition from positive to negative acceleration
marks the beginning of the RT unstable regime. For all three simulations, the
deceleration converges to zero at ~ 40 ns. Therefore, we mark this time (40 ns)
as the experimental time scale. Note that the impulsive positive acceleration of
the interface by the blast wave front induce some Richtmyer-Meshkov instability
(RM) growth [17, 22], which can be viewed as adding to the total growth or as
establishing an initial condition for RT with a significant velocity perturbation
[18, 7]. However, the RM contribution is expected to be small comparing to the
RT growth, due to the fast decay in the induced velocity behind the blast wave
front.

4 Eestimation of RT growth

In order to estimate the expected RT growth, we used the one-dimensional sim-
ulations presented in section 3. Since the perturbation evolution is proportional
to the distance traveled by the interface, we start by examining the interface
dynamics in this sense. The overall distance Dy, travelled by the interface
interface is:
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Figure 4: (color) RT relevant properties as a function of time on the unstable
interface (a-c) and interface position (d), extracted from the one-dimensional
simulation. (a) - Atwood number. (b) - acceleration profile. (c) - velocity
profile. (d)- interface position. t=0 represents the laser drive initiation time.

Diot = 2o + upt + DRt (4)

Where z( is simply the initial interface position, equal to 200 pum, ug is the
initial velocity induced on the interface by the passing blast wave, and the last
term in the right hand side is the RT contribution:

Dir = [ [(attya (5)

For this term, we take only the negative values of g, meaning ¢(t)=min|[g(¢),0)].
In is an important point about these blast-wave-driven systems that it is Dgr,
and not the total interface displacement D;,;, that determines the RT growth.
In Fig. 5, the initial interface velocity and the different contributions calculated
using Eq. 4 pm are presented for t=40 ns. It can be seen, that Dgp is -420,
-880 and -1380 um for the cases of 100, 250 and 500 TW /cm?, respectively.
Defining an average acceleration as (g) = 2Dpr/t?, and taking t=40 ns, we get
that (g) = -0.7, -1.35 and -2.1 pum/ns for the 100, 250 and 500 TW /cm? cases.
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Repeating the same calculation for the first 10 ns, we get higher values, having
(9) =-1.4,-2.7 and -4 pm/ns
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Figure 5: (color) (a) the initial interface velocity ug and (b) the total distance
travelled (red), the distance contribution of the initial interface velocity wgt
(blue), and the RT contribution Dgyr (black), all given for t=40 ns.

If ag/{Mo) < 1, the perturbations initially grow exponentially, according to
the linear solution (Eq. 1). This phase ends when a/()\) ~ 0.1. The ending
time of the linear growth phase for each laser irradiance, 44y can be estimated
simply by:

b~ log(0.1(\o))
T ag/Ak(g)

Assuming that ag/(Ao) = 0.03 and (Ao) ~ 50 um we get tqsy S 3 ns. Since
the linear phase of the RT growth is short comparing to the overall 40 ns time
scale of the experiment, we assume that the growth is self similar at all times,
and generalize the Alon et al. [2] relation (Eq. 2) for the increase in bubble
front height:

(6)

By — B o = 20, A / / ()t (7)

Applying Eq. 7, the expected RT amplitude can be derived. Substituting
Eq. 3 into Eq. 7 yields the increase in average wavelength:

() — (Ao) = Zbi;j‘ / /g<t>dt (s)

Where b(A) ~ 1/3 for the Atwood numbers at hand (]A4| ~ 0.5, see Fig 4a). In
Fig. 6, solutions of Eq. 7 and Eq. 8 are plotted for all three laser irradiances. As
expected, the increase in hy, and () becomes larger as the irradiance increases.

Since (\) ~ t2, the ratio between the times of the n and n + 1 merging
generations is t(n + 1) /t(n) ~ v/2. Using Eq. 8, this yields a simple relation for
the total number of generations IVg:

11
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Figure 6: (color) (a) increase in bubble front height (Eq. 7) and (b) increase in
average wavelength (Eq. 8).
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The predicted number of generations for the three laser irradiances is pre-
sented in Fig 7. It can be seen that one can get ~ 2 — 3 merging generations
for (o) &~ 20 pm, and ~ 3 — 4 merging generations for (A\g) &~ 10 pm. The
expected wavelength at t=40 ns is ~ 160 um, for both initial wavelengths.

As was mentioned in section 1, it is essential that the region of interest on
the interface remain planar and undisturbed by effects other than the axial ac-
celeration. This implies that signals from the lateral edges of the experiment
must not propagate too far inward during the period of interest. These signals
develop in the form of rarefactions that travel inward as material expands out-
ward, moving perpendicular to the blast wave toward the target center. Where
these rarefactions interact with the TMZ, they change the one-dimensional RT
conditions on the surface (i.e. Atwood number and acceleration profile).

Since the rarefaction moves at the speed of sound of the shocked material,
we can use the simple ideal gas relation to estimate the sound speed, ¢ =
\/ (vP/p), from the simulations discussed above. Assuming y=5/3, we find

~ 25 pm/ns for the typical values from the one-dimensional simulations of

Ny =~ 1og2
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Figure 7: (color) Predicted number of merging generations expected for the
different laser irradiances.

the shocked ablator and CRF. Therefore we estimate the rarefaction region of
influence by assuming that the target is cylindrical, so that the rarefaction depth
R, at any time t is determined by R, = ct. The unaffected region will then be
a cylinder with a diameter D, equal to L — 2ct, where L ~ 8- 103 um is the
target width, equal to the laser spot size diameter. With total time ¢ ~ 40 ns
we find D ~ 8-10% —2-25-40 ~ 6 - 103 pm. Assuming maximal wavelengths
of 200 pm, the minimal expected number of bubbles in the unaffected region is
~ 30, large enough to allow a statistical analysis.

5 Summary

The feasibility of a multimode RT experiment on NIF was analyzed using one-
dimensional simulations, combined with simple estimates of RT evolution based
on self-similar analysis. The proposed experiment is based on a blast wave
driven design. It was found, that driving a planar system having an Atwood
number of ~ 1/2 to ~3-4 merging generations is possible, using an initial average
wavelength of ~ 10 pm, a spot size radius of ~ 4 -10% ym, and a 2 ns pulse
length. The experimental time scale for the specific design is ~40 ns. Under
these conditions, the bubble front evolution is expected to develop a self-similar

13



evolution.

The expected amplitude is ~ 50 pm. The overall translation of the interface
is expected to be ~ 1500 pum, with typical deceleration average values of 1-
2 pm/ns, resulting with an effective RT breaking distance (Dgr above) of ~
—1000 pm.

It was also found, that for realistic experimental parameters the expected
width of the region that is not affected by the rarefaction is ~ 6 - 103 um,
allowing an adequate diagnostic view of an unperturbed interface.
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