
A-A 4761 ANALYI SOF STABIIT ANDSYMMETRY IMPCATONSFOR IC I
ILL NAVAL RESEARCH LA WASHINGTON OC
J H GARDNERET AL 1OC 83 RL-MRS57

UNC ASSIFED SBI-AS 000 550 / 178 N

ELEEEEEEEE



I~ ii ~ ii 1 13 2 I2.2

III I____ L 111.8

1.lh25  1U 1

MICROCOP'Y RESOLUTION TEST CHARI

* ~NATIONAL BUREAU O STANAOD~S 963 - A



SECUIT)Y C.ASSi~iCA~iO OF TWIS PAGE When. 0668 Entered)

READ INSTRUCTIONS
REPORT DOCMENTATION PAGE BEFORE COMPLETING FORM

I atePOR Numbeft 2 OVT ACCIESSION No.~ ft R E NT CATALOG NUMBER

NRL Memorandum Report 5170 /)/.,i &3 Z
4. TITLE 'ellA Stibra II.) YYRE O1 R111POR11T . 19M0 COVEREAD

ANALYSIS OF STABILITY AND SYMMETRY Intrim proem. oninin
IMLICATIONS FOR ICF PR prNIoblem.

7. AUTIIOR., 11 CON4TRACT 0OR GRANiT mUuIR~a

J.H. Gardner, S.E. Bodner, J.P. Boris, M.H. Emery,
M.J. Fritts, and M.J. Herbst

S. PERFORMING 00RG5ANIZA'10Nt %AME AND ACORESS '.OGAM ELEMENT. PROECT. TASIC

Naval Research LbmoyAREA & .0111. .IT NU69.4S

V.-Washington, DC 20375 DDE 89X0220; 44-0859-A-3

II- CONIrFOL...NG OFFICE NAME AND ADDRESS 2i. REPORT DAT'E

Deparment of Energy 'October 12. 1983
Washington, DC 20545 13. NUMBER OF! PACES

IT. moNirooRiG AGENCY NAME 6 AOORESSIII dtloet from. Conit,@Jlinig Office) }IS. SECURITY CLASS. ro is lAe .porl

jUNCLASSIFIED

ISO. OE.CLASSIFICATIO,,, ONGOING
SCllLOULE

III. DISTRIBUTION STATEMENT (of (his Report,

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT C..l ?he abstract entered in Stock 20. It dilffeent tram Report)

16. SUPPLEMENTARY NOTES

This research was supported by the U.S. Department of Energy and the Office of Naval Research.
This paper was prepared for presentation at the Sixth International workshop on Laser Interaction
and Related Plasmas Phenomena held in Monterey, CA on October 25-29, 1982.

IS. IKEY WORDS (Coninue odd favors* cad It nec..esad and ld..,ef, by black I"Laubat)

Inertial confinement fusion Laser ablation
Scaling laws Rayleigh-Taylor
Hydrodynamics stability

20. ABSTRACT (Coniltfl. Art reverse aide It necessary' and Identifly by blockA ndartbe,

Pellet gains in excess of 100 will probably be necessary for most applications of inertial fusion. 1

In order to achieve these high gains a number of critical physics elements must be controiled. Theme
include (1) high coupling efficiency, (2) low fuel preheat, (3) implosion symmetry, (4) implosion
stability (ablation pressure) and (5) an ignition scheme. These factors interact with each other pro-
viding conflicting requirements. The purpose of this paper is to report on the theoretical and

(Continues)

DD 1473 EDITION OF I NOV 65 IS OBSOLETE

5/14 10 2014-6601SECURITY CLASSIFICATION OF THIS RAG9 (Wheat Des. Eger")



SECI.RITY CLASSiFICATIO" OF THInS PAGC (Whor. Date 1.4-9.d)

20. ABSTRACT (Continued)

computational work that has been carried out in connection with the experimental work at
NRL in evaluating the design constraints that are imposed primarily by the symmetry and
stability requirements on directly-driven laser fusion targets.

SICU~tTr CIL*SSIFICAI~ON OF T4InS PAWON~Y~ Doe. "Wi..)



CONTENTS

I. INTRODUCTION ..................................... 1

I. MODELS USED ....................................... 2

III. SYM M ETRY ......................................... 4

IV. STABILITY ......................................... 8

V. SCALING LAWS ..................................... 13

VI. IMPLICATIONS FOR ICF ............................... 17

REFERENCES ....................................... 19

• tg, iit rbsor-!

COO IA.ail or
so"

i , iow

ERN



lI

ANALYSIS OF STABILi TY AND SYMMETRY IMPLICATIONS FOR ICF

T •INTRODUCTION

Pellet gains in excess of 1O0 vill probably be necessary for
most applications of inertial fusion.1  In order to achieve these
high gains a number of critical physics elements must be control-
led. These include (1) high coupling efficiency, (2) low fuel
preheat, (3) implosion symmetry, (4) implosion stability (ablation
pressure) and (5) an ignition scheme. These factors interact with
each other providing conflicting requirements. In particular the
first two items are directly in conflict with the second two. For
example, high coupling efficiency and low fuel preheat requires
control of deleterious plasma instabilities. These instabilities
generally scale as IX2. Therefore they are usually controlled by
the use of lower intensities or shorter laser wavelength. But
lower laser intensities are generally associated with thinner shell
or double shell target designs,2 and these higher aspect ratio
designs place severe requirements on laser symmetry and target
stability. Smoothing out laser nonuniformities by lateral thermal
conduction 3 requires that the absorption-to-ablation distance be on
the order of the target radius,leading to longer, not shorter wave-
lengths. This separation distance also produces a lower hydro-
dynamic efficiency. The control of the Rayleigh-Taylor instability
by use of smaller aspect ratio targets increases the ablation pres-
sure requirements, and therefore the laser intensity, thus reintro-
ducing the preheat problem. TUse of shorter wavelength lasers to
reduce the plasma instabilities also reduces the separation
distance between the absorption and ablation surfaces thus reducing
the effect of thermal smoothing. The problem is then to find a
compromise among the competing effects which will lead to an
acceptable high gain target. The purpose of this paper is to
report on the theoretical and computational work that has been
carried out in connection with the experimental work at NRL in
evaluating the design constraints that are imposed primarily by the
symmetry and stability requirements on directly-driven laser fusion
targets.

Manuscript approved June 2, 1983.
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We have approached this problem with the viewpoint that suf-
ficiently low intensities will be required that classical physical
processes will dominate. Thus we avoid as much as possible the
problem of fast electron production and nonclassical energy trans-
port mechanisms. Our philosophy is then to find what limits the
critical elements will place on the physically relevant parameters
such as target radius, aspect ratio, laser intensity and laser

wavelength. We have developed scaling laws that suggest that there
is a possible window near 1014 W/cm 2 and near lum laser wave-
lengths. 4 In deriving our scaling laws we have implicitly assumed
that what we desire is a maximum pellet gain Q, and that any laser
energy necessary to drive the target can be achieved by building a
sufficiently large laser. laser energy scales as R 3 (AR/R) and is
strongly dependent on target size but only weakly dependent on
irradiance. he constraints that we consider are limits imposed by
symmetry, stability, coupling efficiency, preheat, and implosion
velocity. We have not yet investigated the constraint imposed by
an ignition design as an acceptible design yet eludes us.

Our results are primarily based on numerical simulations with
many of the results verified by experiments performed at NRL.
Detailed comparisons of code results with experiments are presented
elsewhere in this proceedings. 5 We employ several different types
of codes. For the symmetry and stability issues, we use an adap-
tively gridded, two-dimensional, fully nonlinear, Eulerian computer
model (FAST2D) and a triangular grid lagrangian computer model
(SPLISH). Laser matter coupling and scaling laws, relating the
asymmetry and stability results to spherical targets, are studied
using a one-dimensional, sliding zone, adaptively gridded, fluid
code (FASTID). Principle results to be reported here include:
(1) requirements for thermal smoothing of laser nonuniformities.
(2) reduced Rayleigh-Taylor grcwth rates and saturation via the
nonlinear Kelvin-Helmholtz shear flow, (3) a new theory based on
vortex shedding that explains the reduced linear Rayleigh-Taylor
growth rates, and (h) a possible wavelength-intensity window for
high gain direct illumination where the requirements of target
velocity, symmetry, and now also efficiency can be sismltanesouly
met.

II. MODELS USED

The symmetry and Rayleigh-Taylor stabilty analysis were per-
formed using the FAST2D laser-shell sinulation code. This is a
fully two-dimensional nonlinear Balerian fluid code enplaying a
sliding Cartesian grid with variable grid spacing. The system
employes 40 zones transverse to the laser beam and 120 zones
parallel to the beam. For the R-T runs we employed a fine grid of
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0.25 =m for ten zones on either side of the ablation layer,
increasing to a uniform 2 um spacing for most of the rest of the
grid. The code has been run with the fine grid spacing as small as
C.10 ur with no noticeable difference in the results. The refined
subzoning moves with the ablation front throughout the course of a
run. The zones in the underdense Dlasma beyond the critical sur-
face and in the low-density rear portion of the foil are exponen-
tially stretched so as to minimize the influence of the boundaries.
The code may be run in either planar or cylinderical coordinates
with either periodic or outflow boundary conditions in the trans-
verse direction. An option is also available to stretch the outer
zones in the transverse direction.

VFAST12D solves the time-dependent equations of motion for the

continuity of mass, momentum and total energy for a fully ionized
ideal gas using the time split, flux-corrected transport algo-
rithms. Thermal conduction is incorporated in a single temperature
model using an i ralicit solution of the two-dimensional classical
nonlinear (2 KOVT 71 2) thermal conduction equation with the standard

Braginskii coefficient. Initial conditions are generated from a
cne-dimensional, analytic, quasi-static equilibrium model.0 The
analytic model provide a solution which changes only about .5% when
FAST2D is tested in one-dimensional nearly-steady-state mode.

Interior layer Rayleigh-Taylor growth is investigated using a
Lagrangian fluid trnamics model (SPLISH) which bases its fluid
representation on a two-dimensional, dynamically reconnectable grid
of triangles. A unique reconnection algorithm allows additional
triangles to be added along the shear layer as it stretches in the
nonlinear phases of the Rayleigh-Taylor growth and enables the roll
up to be followed far into the nonlinear phase where droplets break
off and mixing occurs. This model employs ideal nonviscous,
nonconducting hydrodynamics appropriate to the high density
interior flow.

We investigate the laser plasma coupling and scaling phenomena
using our one-dimensional, adaptively gridded, spherical hydro-
dynamics code (FASTiD). The time-dependent equations for continu-
ity of mass, momentum, and total energy are integrated numerically
with sliding zone, Balerian flux-corrected transport. A flux-
conserving scheme is used such that the fluxes between zones
results from the difference in fluid and grid velocities. The
outer zones and material interfaces move in a Lagrangian manner
while intermediary zones move in a prescribed smooth continuous
manner so as to maintain the desired resolution near the ablation
and critical surfaces. 11ear the ablation surface the zone size is
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held fixed. From the ablation surface to the critical surface the
mass per zone is held nearly fixed resulting in increasing zone
size. Beyond the critical surface the mass per zone is allowed to
increase exponentially. This technique allows a grid resolution of
a few tenths of a micron near the ablation surface and a smooth
transition to larger zones in the underdense plasma. It has a
distinct ad-antage over lagrangian codes which find it difficult to
enhance the resolution where needed without wasting zones else-
where.

Thermal conduction is comrputed using the usual reciprical
average of the classical and limiting heat flux, 1/F = 1/F lI/Ff
-where Ffl .- k%"m )' 2 nCkr/I1This flux linmiter Ffl is a
construct commot.ly used in fluid codes, for which there is not as
yet experimental verification for reactor size plasmas. We have
used values of f ranging from 0.6 to 0.03. Our results are mainly
quoted for the Bell-Evans-Nicholas7 value of f = 0.1. The results
are insensitive to values of f > 0.1 as long as the Mach number at
the critical surface is also not too much greater than one (small
spherical divergence). Laser light is absorbed by inverse brems-
strahlung of both incoming and reflected light. The fraction of
absorbed light not deposited by the inverse breTsstrahlung is
ieposited smoothly over two zones including the critical surface so
as not to generate artificial shocks.

The eauations are integrated in strict conservation form.
?ressure and temperature are thus derived by subtracting directed
kinetic energ from total energy. The fluid equations are closed
with an equation of state expressing P = F(E,p) and T = G(E,p).
Near the ablation surface these equations must include the effects
of solid material, Fermi-temperature, and fractional ionization.
We base our equation of state on the analytic model (ANEOS) in the
CHARTD code,8 and expansions of the Fermi-Dirac functions by
Clayton. T"his model goes smoothly from a 7homas-Fermi-Dirac model
for degenerate electrons at high density and low temperature to a
Faha equilibrium at high temperatures and low densities. Such a
treatment is necessary in order to correctly calculate the acceler-
ation of near-solid, low-teperature target shells without having
the shell compress or explode unrealistically.

T I I. $ NMETRY

One of the critical elements for high gain target designs is
the degree of symmetry that must be maintained in the implosion
process. For high gain, the asymmetry of the ablation pressure
must be better than a few percent (P/? l -2 g ).1 Either the laser
illumination mst be uniform to this percentage, or some additional
smoothing mechanism is required. Xs proposed by Nuckolls, 3 lateral
thermal conduction could smooth out the laser nonuniformities

4
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Figure 1 . The rari tion in ablation pressure (Ap/<p>) for all six
scale lengths plotted as a function of the average
laser intensity (<!>) and as a function of the average
listance from the ablation surface to the critical
surface (<r >.

yielding 5P!? << 6!i provided the separation of the absorption

region and the ablation surface is sufficiently large (Da- X ),ac s
where X. is the asymmetr wavelength. We have performed a
uantitative assessment of this smoothing effect using our two-
dimensional laser-shell simulation code FAST2D.

?:esults are presented for a thin (15 =m thiok) plastic .CH)
foil accelerated to quasi steady state (i nanoseconds) by a laser
team with an intensity ",riation of ±hO0 1 ia! - : .)/<:> = ).801~c .n
and a laser wavelength of I.C6 p. in these si-ulat ons the
initial conditions were provided by a quasi-static equilibrium
model with the relatively-low average laser intensities of <I>
5xln' 2 , Ixl01 3 , and 2xlO13 Wc 2 . The laser beam profile was
jaussian with a reduced intensity in the center of the beam. Since
we are only interested in laser asymmetry effects, we invoke the
periodicity of the code and only model peak to peak variations.
The code was ran with the wavelength of the laser inhomogeneity
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Figure 2. Corparison of the numerical results for the OCO-
and 200un scale lengths with the 1 4C-=n scale length
experimental results (Ref. 12) and with the l-C-um
theoretical results -lashed curve, 7ef. 13'.

varying from X, = 100 microns to s = 600 microns. The results
are summarized in Fig. 1, where the variation in ablation pressure
is plotted as a function of the average laser intensity, or equiva-
lently the average distance between the ablation and critical sur-
faces. The direct correlation between Dac and the laser
intensity has been noted both experientally 9 and theoretically10.

W4e find that lateral energr flow in the form of transverse
therml conduction does smooth the effects of laser asymmetries.1 1

T'he degree of smoothing is directly related to the distance between
the ablation and critical surfaces. The results are in agreement
with experimental results obtained at the %val Research
Laboratory 1 2 and with an analytic model developed at NRL 1 3 as shown
In Fig. 2 where we corpare the foil velocity nonuniformity
(,A4x~/VAMIp-) for the 100 micron and 200 micron asymmetries to
experimental results for a 140 micron asymmetry with A 2.
In Fij. 3a-b we present a detailed look at the case where <I> =
Ix10 1 'J/cm2 for A. = 100 microns and 600 microns. Pressure

6
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d a lotion /Cri tical -ablation cti i

PR! 1101 -PESS T .0 0i''

010

3 71 35.? 9 T 5 3 1.3.5.7 9 ,1 17 . . .

'7iiure 3. a) 1:ressure contours for <I> = I×I01-1 W/cm2 and X s =
1,SC0 = increments of 0.5 of rmxim-l pressure. Laser
comes in from the right. Note also critical and abla-
tion surface. b) ressure contours for X. = 100 I .

contours are in increments of 0.1 counting from the outside inward,
and the laser light is coming in from the right. For the 600
micron case severe distortion of the foil has taken ,lace. In the
a00 micron surface is essentialy equiralent to a
contour surface and sufficient smoothing has occurred to reduce the
ablation pressure variation to 0.5%. M"is results is basically
intuitive. if the scalelenths of the transverse temperature vari-
ations are comparable to the separation distance, then a thermal
wave propagating transverse to the laser beam should smooth out
mcderate temperature variations in about the time that the laser
energy is conducted to the ablation surface. Mhese simulation
results allow us to obtain quantitative estimtes of the require-
ments for therrnl smoothing "which can be used in scaling
arguments.
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IV. STABILITY

The stability of the implosion is another critical element for
high gain targets. The use of lower laser intensities, and there-
fore lower ablation pressures, to reduce the plasma instability
effects requires the use of higher aspect ratio (thinner shelled)
targets. We have investigated the impact that the Rayleigh-Taylor
instability has in limiting this aspect ratio.

This instability may grow in the ablation layer or at internal
interfaces where materials of different densities abut, whenever
the pressure and density gradients have opposite sign. Figure 7
shows four snapshots of a Rayleigh-raylor unstable interface calcu-
lated using our SPLISH model. An initially sinusoidal perturbation
becomes nonlinearly distorted into a classical "bubble and spike"
pattern as the exponential growth phase begins to saturate. When
sufficient shear is generated in the flow by the RT mode, the
Kelvin-Helmholtz instability (KH) becomes nonlinearly active and
broadens the spike tip, eventually spreading the falling spike
material out and rolling it up around the large vorticities which
were generated in the density gradient and subsequently advected
down the sides of the spikes.

We have modeled the ablation layer Rayleigh-Taylor problem
with our two-dimensional laser-shell simulation code FAST2D.
Initial conditions are again obtained from the quasi-static equi-
librium model. We have modeled the RT instability far into the
nonlinear regime beyond the point of foil fragmentation for two
types of initial perturbations. One is a multimode perturbation
where the first ten modes are excited with equal amplitudes and
random phases corresponding to an initial density perturbation of
t4% 0- .MN)/<P> 0"08).11 The other is single mode sinus-
oidal perturbations along the density peak corresponding to a
total initial density perturbation of [p P-IN)/<p> = 0.0231.
The wavelength (M) is varied in the range 1/2 (/AR < 10 where AR
is the cold foil thickness (20 microns). In both multi-mode and
single mode cases we find linear growth rates below classical

values by a factor of two to three, and a cutoff in the growth
rates for wavelengths less than the cold foil thickness (see
:ig. 4).

A striking result we found is the dominance of nonlinear
effects in determining the largest viable aspect ratio for thin
shell targets. Although the linear growth rates increase as k11 2

almost up to the cutoff, the Kelvin-Helmholtz (KH) rollup dominates
at large k, reducing the penetration rate of the dense spike below
the free fall value and effectively doubling the aspect ratio of

the foil.
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7igure . A comarison of the comutational growth rates -- )
to the classical value ((kg 1 12 ,-) and to the vortex
shedding theory (0). Ccld foil thickness is 2C Wm.

The gr-h rate of the perturbation shifts from exponential to
iuadratic (free-fall) when the amplitude of the disturbance is on
the order of 1/5 the wavelength !A - C1.2 X' Thiis results in a
3ifferent saturation level for the short and long wavelength modes.
The a-plitude of the large wavelength modes (/. > 1.25) goes into
"free-fall" at a later time and with an effective "free-fall"
acceleration co-parable to the foil acceleration .l.5x101 5 om/s 2 ).
The exponential growth of the short wavelength modes (X/A5,
< 1.25) saturates earlier in time (since the linear growth
rates are coparable and the wavelengths shorter) and the "free-
fall" acceleration of the spike is reduced by more than a factor of
two over the long wavelength modes. This is evident from Fig. 5
where both the "free-fall" acceleration of the spike and the final
aspect ratio of the foil are plotted as a function of perturbations
wavelength (X/AR) for single mode perturbations. This reduced rate
of penetration of the dense spike below its "free-fall" value is a
direct consequence of the tip-widening brought on by the KH rollup.
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?igure 5. A .lot of the "free-fall" acceleration ("g" in units of
10' cm/s2 ) of the spike and the final aspect ratio of
the foil as a function of the pert-rbation wavelength
(X/AR). The solid circles are the aspect ratios
obtained with a laser intensity of 5xl013 q/cM2 and the

symbol is the aspect ratio obtained with a perturba-
tion wavelength of 200 urn.

This nonlinear result alters the conclusions one draws with
resnect to shell integrity as a function of perturbation wave-
ength. As a result of the earlier saturation of the exponential
growvth, and the reduced "free-fall"grovth, the aspect ratio (R/AR)
allowable to the short wavelen th perturbations has been increased
zy a factor of two over the long wavelength nodes. LR is the cold
foil thickness (20 Um) and R is the distance traveled until the
foil uniformity is destroyed. This is defined as the point at
which either 35% of the foil mss has been ablated or the rear of
the foil was no longer accelerated uniformly. The solid circles
are the aspect ratio obtained with a laser intensity of 5.0x10

1 3

"4/cn2 , where the same effect is evident. The # symbol is the
aspect ratio obtained for a 200 Um perturbation (I-l.OxlC1 3 W/cm 2).
As one would intuitively guess, the allowable aspect ratio
increases again for perturbation wavelengths very much larger than
the foil thickness. Although the linear growth rate increases as
k1 /2 up to the cutoff, nonlinear effects in the form of the KH
roll-up are quite effective in saturating the RT instability,
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reducing the rate of "fall" of the spike, and increasing the life-
time of the foil.

"he vorticity, which plays such a dominate role fn the non-
linear evolution of the RT instability, is also responsibile for
the reduced linear growth rates. In particular, the shedding of
the vorticity generated at the ablation layer is similar to the
shedding of vorticies that arise from the flow about a bluff body.
-lot only does this shedding reduce the linear RT growth rate but a
symmetric von Karman vortex street develops in the blow off region.
The symmetric vortex street is very unstable and thus could also
eave serious effects on laser absorption, ther-ml conduction and

_nstabilities in the underdense region.

Figure 6 shows the vortex shedding process from the ablation
layer for the 20 gm perturbation wavelength when the system is in
the linear regime. -T/he finite-sized vortices are generated by the
baroclinic (non-colinear density and pressure gradients) nature of

VORl!T C I TV

. . .... . .

S------ ----

SS.O x (I CRON$)llilI 41.

Figure 0. Vorticity contours for the 20 pm mode WXAR = 1) when
the system is in the linear regime. The contours are
in .0%, increments off the maximum vorticity (+2.75x108,

- 2.97.108 S-1). The solid (dashed) contours are posi-
tive (negative) vorticity. The heavy Lines delineate
the 100) (right) and 90% (left) density contour.
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the profiles. h"he vorticity generated at the ablation surface is
then convected with the flow and shed into the blowoff. This shed-
ding process has a measured 1trouhal number (dimensionless shedding
frequency) which agrees very well with theory. As a result of this
shedding, the classical RT growth rate is reduced. We account for
this reduced growth rate by writing y' = (kg)1 12-of, where f is the
measured shedding frequency and a is some fraction (less than one).
We choose a - 0.56 to fit the 20 um mode. The computational
results (-&--) are compared with the classical growth rate
(('kg)/1 2 -) and the new theoretical results (o). The agreement
between the comutatiori results and our vortex shedding theory is
excellent (see Fig. 4).

Vorticity continues to be shed from the ablation layer until
the spike amplitude becomes comparable to half the perturbation
avelength. At this point the bubble region ceases to ablate and
the vorticity is advected down the sides of the spikes where it
sets up a reversed flow. it is this seccndary flow, the K- rollur.
which causes the tips of the spikes to widen and reduces their fall

rate. it is apparent that vortex lyramics is playing a dominant
role in both the linear and nonlinear phases of the PT
instabilityr.

The interior-layer Rayleigh-Taylor problem can occur at mny
lifferent times and locations during the implosion of a complicated
ultilayer target. The preignition mix problem is the most
familiar situation. This occurs near the final stages of compres-
sion of the fuel when the interface between the higher density
pusher and the fuel compressional;" decelerates. A three-layer -ix
problem arises where a light fuel layer is separated from a denser
pusher shell by a thin but very dense heat-shield layer. Short-
wavelength perturbations permit the upper and lower surfaces of the
heat shield to move independently, so the RT instability can result
even though overall stability is expected at long wavelengths. Ln
order to investigate the nonlinear regime of the RT instability for
these two- and three-layer mix problems we have developed a
lagrangian model (SPLISH) which bases its fluid representation on a
two-dimensional dynamically reconnectalle grid of triangles i s.

in the three layer mix problem the densities of the layers are
in the ratio 0.1:2:1 so that the unstable interface has an Atwood
number of 1/3. At this Atwood number the evolution of the unstable
interface is governed by the interaction between the RT and KR
instabilties in both the linear and nonlinear regimes. The evolu-
tion of the RT and KH instabilities can be separated into four
distinct phases: (1) the initial classical, linear growth phase,
ending when the spike-to-bubble height is half the perturbation
wavelength, or for thin layers, when the spike to bubble height
equals the layer thickness; (2) a saturated RT growth phase with
steadily increasing KH rollup and increasing wavelength, ending

12

' j, . .... , em,- . . -- .'..



IA

Figure 7. Four stages of the nonlinear evolutinn of a three layer
mix Rayleigh-Taylor instability problem. Density
ratios are 0.1:2:1.

when the spike tip becomes wider than the spike body; (3) a small
scale structure phase; (4) a turbulent mixing phase (see Fig. 7).
The third phase is characterized by downward flow from the thinned
layers above the bubbles resembling Jets feeding the spike. A
stagnation point forms at the point where the jets collide, forcing
an upward jet opposed to the spike fall. In the last phase, large
amplitude waves run across the stable interface as well, giving
rise to jetting and wave-breaking. Many similarities exist between
the ablative and nonablative cases. The KH instability plays a
major role in both cases in that it reluces the penetration rate of
the dense spike below its free-fall value.

V. SCALING lAWS

In order to relate the symmetry and stability results to the
design of large reactor size targets, we require scaling laws rela-
ting the laser parameters to the target parameters. We have used
our one-dimensional spherical hydrodynamics code to determine the
scaling laws for (a) separation distance of ablation to critical

13
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surface, and (b) ablation pressure as a function of laser intensity
and wavelength.4 Rather than attempt to design a set of optimized
implosions in these scaling runs we used pure CH shells of constant
thickness 125 Mm. We used no prepulses to generate artificially
large initial separation distances and we ran each case until a
quasi-steadr state was established. The results are expressed in
terms of absorbed irradiance since the absorption process is not
well understood for reactor scale plasmas. In our simulations we
used pellet radii of 1,2, and 5 millimeters. Since laser energy
scales as R3 (AR/R) a much larger radii would imply either excessive
laser energy or aspect ratio. Smaller targets would not contain
sufficient fuel for efficient burn and high gain. Tven a 1 mn
radius pellet is marginally srall. Laser wavelengths of 0.53, 1.06
and 2.7 microns in the range of current laser technology were
chosen, and intensities were varied from 012-1I015 7/cm 2. Figure 5
shows a least squares fit to the ablation pressure, as a function
of laser intensity and wavelength and target radius of the form
p-(IA 0. 2 5 R- 0 .1 8 ). 7 Figure 9 shows D/R as a function of laserP(at
intensity for three wavelengths and two radii. This data can be
represented by a least squares fit of the form D/R
(I A3'8)0"7/(R+B). In the region of interest B u 1

miltImeter and is only weakly dependent on I and X£. This
form has the advantage of going to the correct limits for both
large and small radii. This surprisingly strong vavel.ength scaling

I Vill I I I. "I 11 1' 1 1 1 f [III

oN

44P
cc0.1 -.

Z~

0

a.a

00.01-

102 1013 1014 1015

ABSORBED IRRADIANCE Iab (W/CM 2 ,

Figuire o. Ablation surface pressure scaling for several laser

wavelengths and target radii.
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Figure ?. ?atio of distance from ablation to critical surfaces
for several laser wavelengths and target radii. A flux
liiit of f=O.03 reduces D/R by roughly a factor of 3-h.

is the result of two factors: longer wavelength light is absorbed
at lower densities, and these lower densities have longer scale
lengths. Even stronger wavelength scaling has been found in the
case of planar ablation.1 3

rse of a strong flux inhibitor only weakly affects the abla-

tion pressure but strongly effects the separation distance from
ablation to critical surface. For instance, use of a flux limit

'=0-0.3 zommonly quoted) decreases this separation distance by a
factor of 3-4.

7-he hydrodynamic implosion efficiency is another critical ele-
ment for high gain systems. in performing these simulations we
varied the shell t~ickness and held the final implosion velocity
fixed at V,=2.2x10 cm/sec. If most of the kinetic energy can
be efficiently converted to compressional energy, then this would
be 3ufficient energy to compress the taget to 1000 times solid
density at twice the Fermi -degenerate energy. If a relatively
unshaped pulse of fixed wave length is used, then the hydrodynamic

15
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7?igure 10. Wavelength-.intensity boundaries determined by the
symmetry requi-rements (Jownwari sloping solid curves)
and the stability limit (as-ect ratio < 20) for tIwo
radii pellets (.1 and .5 cm). Constant efficiency of

5 and 7'S are shown by lashed Ine. Operating region is
above and to the right of the stability and synrnetry
boundaries.

efficiency becomes very poor as the target radius approaches col-
lapse. For this reason we choose our aspect ratio such that the
find velocity is achieved after the shell has inploded to .4 of its
initial radius. The laser driver is then turned off. We then
varied the aspect ratio with intensity and wavelength to find the
hydrodynamic i~losion efficiency given these constraints. The
efficiency was found to be relatively insensitive to the target

radis fr a fixed aspect ratio. "However, for fixe. separation
distance from ablation to critical surface, the efficiency
decreased for decreasing laser wavelength! -%is result is the
opposite of what some of our colleagues have predicted. It
results because shorter wavelengths require higher laser intensity
(given a fixed smoothing requirement). Higher laser intensities
produce higher blowoff velocities, and thus lower hydrocb'namic
efficiency. Figure 10 sumarizes the results of the efficiency
study' by showing contours of equal efficiency superlnposed on plots
of equal seperation ratio andi constant ablation pressure.

16
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'T1. IMPLICATIONS FOR 1CF

: igh gain targets will require implosion velocity uniformity
to better than 1-2 percent.1 l Our flat geometry symmetry results
show that if the separation distance D is more then 0.3 times the
laser inhomogeneity wavelength, then 6/P(0.16I/I, providing suf-
ficient smoothing for ±10 3 laser nonuniformities (Fig. 1). We
expect roughly the same factor of ten smoothing in spherical
geometry if D/R>O.3. Thus one boundary of our design region is
given by !/R=0.3 as shown in Fig. 10 for the two limits of target
radius.

ThNe stability results indicate that the aspect ratio will be
limited to about 20 by the Rayleigh-Taylor instability. This
iplies an ablation pressure requirement of about 20 Mbars. This
result can be obtained from a simple integration of the equations
of motion resulting in the relation Pa = 1.5 <p0> v (ARO/R0 ).
Thus another barrier is the requirement that ?a > 2 Mtars. The
region of acceptable symmetry and stability lies to the right and
above these two boundaries.

The requirement of lcw fuel oreheat from plasma instabilities
places a limit that scales like IX2 . This curve will put a limit
to the intensity and wavelength from above. Unfortunately we do
not yet possess enough knowledge to predict the absolute location
of this a curve on the graph for large scale reactor plasmas and
this remains an uncertain parameter.

If -e now add results for efficiency, we can see that the
highest hydrodynamic efficiency is obtained at the intersection of
the smoothing and ablation pressure boundaries. If we go to
shorter wavelengths along the symmetry boundary the plasma insta-
bility parameter IX2 increases, and the hydrodynamic efficiency
goes down. Increasing the wavelength along the fixed pressure
boundary curve also increased IX2 and decreases hydrodynamic
efficiency. The window for operation, if it exists, should lie
between 1/2 micron and 2.' microns and above 101" W/cm 2 irradiance.
We note that if a pessimistic value of the flux limit, f=0.03, is
used the smothing requirement drives the optimum region to 2-3
microns where the efficiency will be even lower.

Several suggestions have been made to overcome the smallness
of the I-X window of operation. We have suggested broadband lasers
to reduce plasma instabilities, 1 Nuckolls has suggested a series of
temporal changes in laser frequercy starting at longer wavelengths
for smoothing and ending with shorter wavelength for maximum
coupling efficiency. 16 McCroy has suggested that the direct laser
uniformity may be controlled to better than ±10,.17 Skupsky has
suggested that there is enhanced smoothing in the flux-limited
regime. 18 One encouraging fact is that absorption by inverse
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bremsstralung is at lower densities in longer scale length plasms.
If the absorption is at sufficiently low lensities, then thercml
smoothing beyond the critical surface my take place. For
sufficienly large radius pellets we find that the increased inverse
brermstrahlung of shorter wavelength lasers indeed significant "y
increases the absorption radius. In Fig. 11 we show the location

of the critical surface and the 50'4p absorption surfaces as function
of time for red and green laser light for a 5 mm target under
similar iclosion conditions (shown at the bottom of the figure.)
For green light half the energ is absorbed at a distance 3 times
the separation distance of the critical to iblation surfaces. his
enhanced smoothing may relax 3omewhat the constraints on thermal
smoothing. However we note that the long scale lengths required
for this phenomena may also decrease the absorption due to enhanced
SBS. Insufficient information is yet available for these long
scale length plasmas to draw any definitive conclusions.

1.6

P = 943 TW 1.pm

= 5mm

1.4 CH TARGETS A
R

abl1.2

0".-----5% ABSORBTIO

1.0

0.8

R 0.6

Vf2.3 x 107 cm/sec

0.4

0.2 I I I I
0 4 8 12 is 20

TIME (naec)

Figure II. Ratio of separation distance of absorption region from

critical surface to target radii as a function of time
for red and green light. Lower figure is radius of
ablation surface as a function of time. The conditions
were picked to match the inplosion velocities.
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We are still left with a number of uncertainties. First our
results are based on hydrodynamic simlations, which neglects
possible phenomena such as fast electron transport, filamentation,
and other plasma instabilities. As yet no experimental verifica-
tion exists for the reduced Pyleigh-Thylor results and little is
experimentially known about plasma coupling at reactor scale lengh
plas-as. 'Phat our results do indicate is that unless an alterna-
tive is found to smoothing of laser nonuniformities, short wave-
lerigth lasers will have iffic-ulties prov-iing sufficient smoothing
for reactcr size ICF targets.

We wlsn" to acknowledge many useful discussions •ith the
members of the exrerimental laser plasma group at NRT. This work
-was supported by the U.S. Department of anerg and the Office of
Taval esearzh.
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