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The use of flyer plates to drive compressible turbulent mix experiments is discussed. The
experimental parameters can be optimized, in order to maximize the degree of nonlinear
development of either the Rayleigh—Taylor or the Richtmyer—Meshkov instability. Analytic
formulas are presented for this optimization. Results of this analysis and of simulations are shown
for experiments that might be accomplished on the Z machine at Sandia National Laboféories

K. Matzen, Phys. Plasmad, 1519 (1997]. One finds that unique experiments could be
accomplished with this device. @002 American Institute of Physic$DOI: 10.1063/1.1493209

I. INTRODUCTION wants to cause the interface to coast steadily after it is
shocked, for the longest possible tingo that RT growth

In studies of compressible turbulent mixing, it has beengoes not confuse the interpretatiom both cases, what mat-
an enduring challenge to follow, in a strongly shocked.ters in an experimerito a first approximatio?) is the ratio of
highly compressible medium, the evolution of instabilitieSthe distance the interface moves to the wavelength of the
from their early nonlinear phases through the development gbe(trhation from which the instability develops. In practical
a fully turbulent state. Recent experimental advances offefo;mg. the degree to which a given experiment can follow the
the possibility of driving such unstable phenomena mucty,njinear evolution of the unstable interface is measured by
further into the nonlinear regime has been possible previg,q atig of this distance the interface moves to the spatial
ously. Here we consider the optimization of experiments thaFesolution of the diagnostics. We present here an analysis and

use flyer plates to study compressible turbulent mixing. Theanalytic relations that can guide the achievement of these

?hdvgn:nof E;gg'\{{elsocr'%’(ﬁilo tli(n;ll SI, LSO:)Idr s;[a:ie fIyeIIan OTNith goals, and hydrodynamic simulations showing what one can
€ ac at sandia Tvational Laboratories, along do using flyer plates on Z.

the activation of x-ray backlighting, provides a direct moti- Both RM and RT instabilities have been studied exten-
vation for the discussion here. Z launches the flyer plates bg. . L .
ively in gasses and in liquids. Our focus here, however, is

driving a current through a thin layer of conducting material,the study of these mechanisms in plasmas, at interfaces that
causing theJXB force to accelerate the flyer toward its tar- y . plasmas,
gre strongly shocked. Prior work of this type has always

get. This technique makes possible very clean experiment

Here we consider the problem of designing of an optimizeclnk\:dver:j the use of Ia§ers tokprod;:ce thg stro.r|1'g ShOCkIS'
hydrodynamic instability experiment using flyer plates, tak- | N€r€ has been extensive work on the RT instability, mostly
ing specific parameters from Z. at ablatively accelerated surfacéscluding early work re-

. . _l
We will discuss the optimization of a flyer-driven experi- Viewed by K|lkenn>9 ar;;j more recent WOFR ), but also at
ment  for either Rayleigh—TayIiSF (RT) or embedded interfacé&’In such work, it has proven feasible

Richtmyer—Meshko%’ (RM) experiments. The RT instabil- {0 shock an interface to high velocijypically above 10

ity develops when the acceleration of an interface is such thaf™/s), and then to decelerate it over a distance sometimes
a less-dense fluid is pushing on a more dense fluid. Th@PProaching 1 mm. This distance is limited in two ways in
interface itself may accelerate or decelerate. For example, Rt laser experiments. First, edge effects typically prevent
occurs during the acceleration of dense plasma by lasene from pushing an interface much farther than the diameter
heated underdense plasma in inertial fusion targets, and al§ the experimental package. By that point the effects of the
during the deceleration of denser layers by less-dense layeslges of the package typically propagate inward so that the
during the explosion of a star. RT experiments that begirPehavior becomes more complicated and no longer repre-
with strong shocks operate by decelerating the interface besents the pure evolution of the RT instability. Laser experi-
tween the material that is initially shocked and a subsequenments that use a few kJ of laser energy to drive strong shocks
less-dense material. In this RT case, one wants to deceleraifgrough solid materials are limited to spot diameters below 1
the interface immediately after it is shockésith minimum  mm. Second, the total available energy limits the maximum
coasting timg and to move the interface as far as possible. distance an interface will travel. In any system in which an
The RM instability develops when a structured interface isunstable interface is shocked by a blast wave that proceeds
shocked. The structure introduces nonplanar velocity compdieyond it into low-density matter, the interface eventually
nents at the interface, with the consequence that the interfackecelerates to regafter which it very slowly begins to move
becomes more structured with time. In RM experiments, onéackwards with the material flowing away from the shock
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Here again, interfaces driven by lasers that can apply a few
kJ of energy to a sub-mm spot, in an otherwise viable ex-
periment, typically travel a mm or so.

Prior work on the RM instability has including pioneer-
ing experiments by Dimontet al!®® Further experiments
on RM, not yet published, are underway at the Omega
laser’® In some of these latter experimeftshe interface is
made to coast at constant velocity for about 1/3 mm. This
distance is limited by one-dimensional shock dynamics, es-
tablished by the duration over which one can drive a steady
shock. The times in the experiment, including those required
for rarefactions to overtake shocks so they are no longer
steady, are proportional to this duration. These times are
typically limited to <10 ns in a laser experiment, which also (b)
requires a shock velocity of tens of knifistens ofum/ns to
produce a strong shock in useful materials. The resulting,
initial shocked region is a few hundred microns long, leading
to a maximum steady interface motion of a few hundred
microns.

We will see below that Z has the potential to greatly
exceed the distances over which the interface was moved in
these laser experiments. In both the experiments with lasers ,
and those with Z, the principal diagnostic is side-on x-ray Position
backlighting. Here by “side-on” one means in a direction
transverse to the direction of shock propagation. Face-of!G. 1 Schematic and structurq of the ﬂye_r plate experin{ghSchematic
backlighting, extremely useful during past experiments (G20 e fer it sbauto wact o mpactyer adacert (03 over
explore the linear phases of instability evolution, becomesis.
much less useful once the spike tips broaden significantly.

The diagnostic resolution on Z should approach that of the

laser experiments, since Z will also use laser-driven x-ray

backlighting to diagnose the experiments. This should enablg. FLYER PLATE DRIVEN SHOCKS

experiments using Z to follow the instability evolution much

further into the nonlinear regime. Because both the RT and the RM problem involve the

For completeness, one should note that any large lasarse of a flyer that strikes an impact layer, it is worthwhile to
can shock and accelerate a slab of material, producing adopt some common terminology and to identify some stan-
“plasma flyer” that can deliver energy and momentum to adard relationships for such a system. We will describe the
desired target. If the laser is large enoughl kJ), then the evolution of flyer-plate driven systems using the geometry
plasma flyer can have sufficient lateral size to permit studieshown in Fig. 1. Figure (B shows a schematic of the ex-
of mixing. Actual laser experiments, however, have typicallyperiment. The aluminum flyer is about to strike the impact
chosen to take the simpler approach of using the laser diayer. The impact layer typically might be made of plastic to
rectly to drive a shock wave into a chosen medium. allow the use of a doped layer for diagnostic purposes. The

In the following, we first develop a common framework unstable interface is at the boundary of the impact layer and
for the description of strong shocks driven by flyer plates,a lower-density material, such as a CH foam. Figu¢bk) 1
and discuss some of the properties of such systems. We nesthows the density profile during the initial phase of the ex-
consider the optimization of RT experiments. After that, weperiment, and serves to define several quantities of interest
discuss RM experiments. The examples use flyer plate proger our analysis. LeD, p, ¢, andu represent thickness, den-
erties that have been achieved ortZSpecifically, we as- sity, sound speed, and velocity, respectively. As in Figp),1
sume Al flyer plates, 35Qum thick, launched at 21 km/s we will refer to the unshocked flyer as region 1 and the
using JXB forces. We note that these flyers are believed taunshocked impact layer as region 4, with the corresponding
be in the solid state and that their transverse dimensions ashocked regions being 2 and 3, using subscripts to designate
>10 mm. This implies that cm-scale experiments can behe regions. In the lab frame, designate velocitieaulwith
undertaken without fear that they will be greatly compro-subscripts RS, FS, CS, and F to identify the reflected shock,
mised by multidimensional effectélndeed, the limitations forward shock, contact surface, and initial undisturbed flyer
on Z are likely to be diagnostic ones, as discussed bglowplate, respectively. In addition, assume that the material in
Throughout the following, the simulations shown are fromunshocked regionj has a polytropic indexy;. (For very
the Lagrangian radiation-hydrodynamics code, HYADES, strongly shocked materials, it is frequently a reasonable as-
run with SESAME equation of state tables. In the experi-sumption to takey=5/3)) Assume that the flyer and the im-
ments discussed, however, neither radiation nor heat condupact layer are both initially cold, and that all shocks are
tion is important. strong. One then finds, by applying standard formulas, that

Lower
Density

Unstable
Interface

Density —»




Phys. Plasmas, Vol. 9, No. 8, August 2002
[(vat+1)pg4
1+ ———— Ug, 1
(yi+Dps) F @
" :<1_ y1—1 /(74+1)P4)
RS 2 (y1+1)ps
[(yat 1)P4)_1
1+ \/—— u 2
(yi+Dps) F @
[(ya+D)ps| "
+\/————| Ug. 3
(71+1)P1> F @

Ucs=

X

and

’)/4+ 1
Urs=—5

Design of flyer-plate-driven compressible turbulent mix . . . 3547
6 e e
-t 0to 80 ns ]
b U Rarefaction at 20 ns intervals ]
? & o]
K Vo Shock in plastic
2 4r I3 ]
2 :
‘8 F ' 1
c -
8 Unstable
) 2@ / i interface -
I If il ]
L N/ ]
Al | Plastic | ]
oL. . g g g e e ey 1 L
0 0.1 0.2 0.3

Position (cm)

Note that the contact surface velocity is half the flyer veloc-

ity when the impact layer is of the same material as the flyer

FIG. 2. The density profile during the initial phases of an experiment in a
System optimized for Rayleigh—Taylor experiments. An Al flyer plate, 0.35

and increases to the flyer velocity as the impact layer densityim thick, of density 2.76 g/cinand moving at 20 km/s, impacts a 1.55
approaches zero. It is also helpful to know the velocity of theg/cn? plastic layer that is 1.55 mm thick. To the right of the plastic is a CH

reverse shock in the frame where the flyer plate velocity jdoam layer of density 300 mg/cimProfiles are shown at 20 ns intervals
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rom O to 80 ns.

The key here is to accelerate the interface by a blast
wave as opposed to an extended shock. Here, by a blast wave
we mean a structure in which a shock front is followed im-
mediately by a zone of decreasing velocity, pressure, and
density. In contrast, an extended shock is a structure in which
the shock front is followed by a region of uniform fluid flow.
Figure 2 shows how one can achieve such a blast wave in a
flyer plate experimentThe calculations that produced Fig. 2
are discussed further belgwlhe figure shows density pro-
files at five successive times. The leftmost profile shows the
undisturbed densities, at the moment when the dense Al flyer
plate is just striking the less-dense plastic layer. The unstable
interface of interest is at the rightmost edge of the plastic,
beyond which is lower-density foam. The impact of the flyer
plate produces shock waves that travel into the flyer plate
and into the impacted material, seen in the neddshed,
gray) profile. For this RT case, one makes the impacted ma-
terial quite thick. The reflected rarefaction wave in the flyer
plate then reaches the shocked plastic long before the shock
wave in the plastic reaches the end of the plastic, as the third
profile in Fig. 1 shows. The rarefaction in the plastic will
eventually approach and overtake the shock in the plastic, as
the fourth and fifth profiles show. To optimize the experi-

this approaches 8 Mbars when Al impacts Al, and decreasasient, one wants this to occur just as they both reach the rear
as the impact layer density decreases, being about 1 Mbaurface. If the rarefaction arrives sooner, then the blast wave

whenp,/p, is 10 and 200 kbars whem, /p, is 100.

Ill. RAYLEIGH-TAYLOR EXPERIMENTS

will be weaker than it could be when it reaches the unstable
interface. If it arrives later, then the interface will coast after
it is shocked and before it begins to decelerate.

It also makes sense, in such an experiment, to locate the

In this section we consider how to optimize flyer plate unstable interface at the rear surface of the impact material.
experiments to study the RT instability. One desires, for thisThe flyer plate is typically a conductive material such as Al,
purpose, to shock the interface to as large a velocity as post least in Z-pinch systems, through which x-ray backlighting
sible, but then to immediately begin to decelerate it. This willis quite difficult. For this reason, as is discussed further be-
minimize the coasting period during which RM will grow. low, one will typically want to use an impact-layer material
One then desires to push the decelerating interface throughat differs from the flyer-plate material.

as large a distance as one &aFhis maximizes the nonlinear

We can specify the required system parameters math-

evolution of the instability. We now address the problem ofematically, as follows. The time after impact it takes for the

how to accomplish these ends.

forward shock to reach the rear of the impact laygr,is
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Setting these two times equal, one finds the optimum ratio of
the impact layer thickness to the flyer thickness,
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D, P4

1 . (10 FIG. 3. The density and velocity profiles during the later phases of the
(74 ) (1=~(ya— 1)/2’)’4) experiment of Fig. 1. Profiles are shown at 100 ns intervals from 100 to 500

ns.
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For v,=vy,=>5/3, this ratio is 2.62p/p4. If, for example,
we use a(1.55 g/cmi) plastic material for the impact layer
that is just over half the density of an aluminum flyer plate,
then an estimate of the ideal impact layer thickness is 3.5 . . .
times the thickness of the flyer plate. =(p1=pa)/(p1tps), 9 is the deceleration, ankdis the
One can see the formation of the blast wave and the o> o number. FOA=0.53, corresponding to Fig. 3, one can

behavior of the interface in the results of one—dimensionapur‘nenc"’IIIy find the growth _exponer@zfymdt for the
ing firsFase shown. For a perturbation with a 106 wavelength,

. . . one findsG=21.6. If the growth were to be line&which it
estimate of the impact layer thickness, from ELD), would will not), this would correspond to an overall growth factor

be 1.225 mm, although seeking the optimum timing in SIMU- ¢ 6 _ 55 10,

lations leads one to increase this to 1.55 mm. To optimize the : S .
We now consider the limitations on such an experiment.

ac_tual_thmkness n the ex_pe_rlment, one V\.'OUId have to VaGiven that the lateral scale of the flyer can approach 1 cm,
this thickness while examining the behavior of a planar N Ut that we can only move the interface several mm, edge

terface. effects are not the primary limitation. Instead, diagnostic is-
The density of the low-density material determines how P y ' » diag

far the interface moves. As material accumulates, the inter-
face decelerates until it eventually stops and reverses direc-

T growth rate isygrr= VAKg, in which the Atwood number

tion. In the asymptotic limit, the blast wave decelerates as a 08+ ' T 19
power law of time, but the accumulation of material causesg 0.7 - 5
the interface to decelerate more quickly. Figure 3 shows the> ‘ 3
deceleration of the interface, for the system of Fig. 2, if theé 0.6 ¢ -~ {109
low-density material is at 300 mg/émOne can see that the @ 0.5 i s
interface slows down as the blast wave moves to the right,& [ g
and that the distance between them increases with time. & 0.4} 15 <

Figure 4 shows how the position and velocity of the .g ‘ o 3
interface evolves in time. One can see that, duringuk5the = 03F &z
interface moves about 5 mm as it decelerates from nearly 1, ¢ . \ 0
km/s to about 2 km/s. This motion is much larger than that 0 5107 110° 1.510°
which can be obtained in existing laser experiments, and one Time (s)

would correspondingly eXPeCt the _inStabi"tY_ 10 Progressgig. 4. The position and velocity of the unstable interface are shown vs
much further into the nonlinear regime. The instantaneousme, for the experiment of Fig. 2.
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sues predominate. One specific viable experiment would use 6 M
plastic as the impact layer material, followed by a low-
density foam of density 50—100 mg/énin a package hav-
ing a lateral dimension of 5-10 mm. In the resulting density
profile, the plastic would be quite opaque tokcex rays at

6.7 keV, while the foam would be adequately transparent. A
better experiment would use an impact layer material

through which one can use x-ray backlighting and within 2t g};f;e’r ]
which one can locate an absorptive diagnostic layer, to ob- ]
tain a more local sample of the evolving structures. Several nstable.
plastics can be used in t_hls way. However, it would b_e d|_ff|- 8.04 : 0.66 ' 0'68 Y “0.12
cult to obtain enough signal with present-day backlighting Position (cm)

methods because of the large x-ray absorption by the plastic,

which will have a density near 1 g/Crafter the interface has 25 21036 ns T ' ' ®

moved several mm. For example, the transmission of an at 4 ns intervals

FeK , backlighter through several mm of plastic at this den- 20 /7 1
such an approach feasible. Alternatively, such experiments

will require the advent of brighter or higher-energy back-

proach, which would work with present-day backlighting 0 , ) , ,

methods, would be to use a foam impact layer followed by a 0.04 0.06 0.08 0.1 0.12
the ability to locally dope foam in order to obtain the local rarefactions in a RM experiment.

absorptive layer.

Rarefaction |
behind
unstable T

interface
Rarefaction interfa

Density (g/cc)

Fluid velocity (km/s)

sity is a few percent. There is some chance that the increased

157 ]
lighters, perhaps achievable by the conversion of the Z back-
layer of even-lower-density foam. This would require that Position (cm)

signal enabled by spherical crystal imagihgf would make !
100 b
lighter to higher-intensity, short-pulse operation. Another ap- St { l l 1
one use sandwiches of different foam materials develop FIG. 5. The density and velocity profiles during the development of the

IV. RICHTMYER-MESHKOV EXPERIMENTS plate thickness. The arrival time of the rarefaction in the flyer
In producing the RM instability, one would like to 1S
abruptly accelerate an interface to a constant velocity and D _1D. D 1

then to sustain the steady drift of this interface for as long as t,= I Sl S _1( T4 /(71 )pl)
possible. For thdeasiefy case of an interface at which the lug yitlc: Ue (74t 1)ps

density decreases, the motion of the interface occurs while a 5 5
rarefaction wave propagates backward into the denser mate- X ++/ ) (12)
rial. Thus, the problem becomes one of maximizing the du- i+l y1(y1—1)

ration of the steady rarefaction. For the flyer/impact-layer. _ _
problem, the rarefaction of the impact layer will remain N which there are terms expressing the traversal of the flyer

steady until it is disturbed, either by meeting the rarefactiorPy the reflected shock and then by the forward rarefaction.
from the flyer or by reaching the contact surface between thd he_arrlval time pf the rarefaction at the contact surface in
flyer and the impact layer. After that, a pressure and velocitf€ impact layer is

decrease will propagate forward to the unstable interface,

disturbing it when the interface is reached. Thus, the design t4=&+ va—1 &: E<1+ [(vatL)ps
(y1+1)py

goal is to achieve maximum motion of the interface before Ues 7v4t1 C3  Ug

this occurs. One can show that the maximum undisturbed

motion of the interface is achieved by choosing the thickness x[ 2 i/ 2 J , (12)
of the impact layer so that the rarefactions in the flyer plate Yat+l Ya(ya—1)

and in the impact layer arrive simultaneously at the contact ] ) )
surface. If the impact layer is thinner than necessary td" which there are terms expressing the traversal of the im-

achieve this, then the rarefaction from the unstable interfacBact layer by the forward shock and then by the rearward
reaches the contact surface sooner than need be. If the impa{e{efactlon. Setting these equal, one finds
layer is thicker, then the rarefaction from the flyer moves

through the shocked impact layer material faster than the &: \/E /(71+1)
shock wave did initially. This turns out to reduce the time  D; ps Y (ys+1)
available for undisturbed motion of the unstable interface.
[(2/(y1+1))+V2[(y1(y1—1))]

We can express these relationships mathematically to es- % _ (13)
timate the optimum ratio of impact layer thickness to flyer [(20(ys+2))+V2(ya(ysa—1))]
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5 — : V. CONCLUSION
[ 40 to 80 ns

| ::;:ff'ace ot 20 ns Infsrvais ] In this paper, we have discussed the problem of design-

position ] ing hydrodynamic instability experiments driven by flyer
; Unstable ] plates. We have presented analytical formulas that can be
31 Interface - used to obtain an estimate of the optimum parameters for

] either RT or RM experiments. In each case, we have shown
- optimized simulations of experiments that would be possible
] today on the Z machine. In both cases, Z has the potential to
: access unique regimes of hydrodynamic instability, by push-
ing the RT or RM instability much further into the nonlinear
regime than can be accomplished in any other existing re-
search facilities. Before concluding, however, it is worth em-
phasizing that the various research facilities have important
complementary capabilities. The laser facilities offer the ad-

Density (g/cc)

0.7 0.2
Position (cm)

\

L () ] vantages of a much higher experiment rate and of more flex-
_ i ] ible diagnostics than the Z pinch can offer, enabling much
% 20;’ ] more detailed scaling studies. The Z pinch has the advantage
x [ ] that it can push the hydrodynamic instabilities, in a strongly
> 15 ] shocked plasma medium, much farther into their nonlinear
H i state.
E 101 ]
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