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t-Ivdrodvnamic Instabilitv Modeling for ICF*

S. W. Haan

I,awrence Livermore National Laboratorv

Livermore, CA USA

The intent of this presentation is to review how we model instability growth in
ICF targets, and identify the principal issues. Most of the material has been

published in refs. 1-3, but is not familiar to manv participants in the meeting.

i-Ivdrodvnamic instabilities are a kev issue in ICF. Along with laser-plasma

instabilities, thev determine the regime in which ignition is possible. At higher

laser energies, the same issues determines the achievable gain. Quantitative
predictions are therefor of the utmost importance to ___iannin_ the ICF program,

as well as to understanding current Nova results.

The kev fact that underlies all of our work is the stabilization of short

wavelengths. This idea has a long historv, going back to Nuckolls' original ICF
paper. 4 Recently there has come to be a consensus (from numerical work, 5 with

experimental verification o) that it is well described bv a formula taking into
account the ablation velocity (defined as vA=(dm/dt)Pmax -L, where dm/dt is the

mass removal rate per square cm) and the scale length L at the ablation front. The
growth rate is

;' _.7 k

"_'_ / _ t_kv, 1+kL :l.

where _ is a parameter between i and 3. This stabilization allows us to arrange

our implosions so that the short wavelength growth is not important. Any

interfaces with significant density steps (while in-flight) must be carefullv
avoided. The hvdrodvnamics is then essentially linear. This is corroborated by

multi-mode explicit simulations, as shown in Fig. 1. We present density and
temperature isocontours from simulations of an ignition target, shown at the

time of ignition. The simulations used realistic initial perturbations in modes 10,

20, ..., 80; the simulation on the right had all modes' amplitudes reduced bv a

factor of four. It is clear that the final perturbations are nearly linear in initial

amplitude. We are also working with Dahlburg and colleagues at NRL on 3D

multi-mode ablative instability growth, as reported bv Dahlburg at this meeting.

*Work pertormed under the auspices of the U. S. Department of Energ,ybv the Lawrence
l,ivermore National Laboratorv under contract W-7405-ENG-48.



For arbitrarv initial conditions, we use linear analvsis based on spnerical

:Larmonic analysis (or, in planar geometry, on Fourier analysis). A series of

individual code simulations gives growth factor vs. mode number. This can be

combined with anv initial spectrum of interest. It is important to do code

_imulations to get the individual modes' growth; analytical formula are not

.._ccurate, even to an order of magmtude. An example of this is shown in Table I.

The onset of nonlinearity, and a model for extension into that re_;ime, is as

c_nalvzed in ref. 1. Modes do not become nonlinear when their amplitudes

become comparable to their wavelength, except in the special case where no

other modes are present. If other modes are present, saturation is local in space.

For isotropic, random surfaces, saturation begins when moaal amDiituaes

become comparable to 1/Lk 2 for planar modes with

-_erturbed surface Z(x,v,t)= _ ,c_'_.xZk

:_nd R//2 for spherical harmonic modes. Once modes get lar_er than this.

:',onlinear effects must be estimated in a wa'v suci_ as we nave discusseci in Refs. 2

_nd 3. This particular nonlinear model is r_ot fundamental ICF pi_vslcs ancl I will

not emphasize it here. For most ICF problems, linear analysis is cluite useful: the

onset of nonlinear effects can be checked as just described.

Detailed modeling of perturbation growth in 3D remains an area of future work.

Direct code simulation is becoming more and more applicable -- ,,ee. for example,

the presentation bv Dahlburg at this meeting. However, we are not vet in a

"__osition to simulate directly the _rowth of realistic 3D perturbations on real ICF

•ar_ets. Hence effects must be estimated in some other ;var. t)ur baseline

_aturation model is oriented towards 3D perturbations, but it provides oniv a
crude estimate of the 3D nonlinear effects. More detailed calculations are possible

for very weakly nonlinear perturbations, using second order RT theory. Work on

this will be reported soon. 7 An example is shown in Fig. 2, where we used linear

_nalvsis and second order mode coupling theory to predict the size and shape of

_erturbations on a foil as used in Remington's experiments, o

[n addition to calculating the size of the perturbations, we must calculate their
effects. This can be done in several ways with current code capability: (i)

,_imuiations of a single spike on axis in 2D spherical geometry, which is probably

the closest to the real 3D situation; (ii) simulations of curtains of material falling

:n near the waist plane; and (iii) a I D mix model proposed bv G. Zimmerman, in



...'nich an extra tnermai diffusivity is incorporatea in t.'_e nuxea remon. These

-.'arlous moaeis rove fairly consistent results for tt_e _roblems or interest, _ivin_

's comidence m them.

Experimentallv testing this modeling requires testing the various ingredients.
The most important issue is whether we are correctly caiculatin_ the single mode

•i- T, _, .'._,.o_ m, anci the recmcnon bv ablation stabilizauon. This is being tested in the

pianar experiments bv Remington, Glendinning, and Weber [reported on bv

F,emington and Kilkennv at this meeting). Our LANL colleagues are attempting

,:onverging geometr F single moc_e experiments, o We also must measure
t:erturbations resultin_ from realistic multi-mode initial surface perturbations.

i[emln_ton reported here on some planar experiments that are be_innin_ to rove

,data oi/this sort. Also, the SSD-seeded perturbations done bv Glendinnln_ anci

\Veber [descrlbed by Kilkennv nere; show the _rowth of full;, three dimensional

:andomlv seeded perturbations, and will be a challenging test of our ntoL-_eiin_
_a_abilit,/. irnpiosion exoenments are aiso t)ein_ crone, us_n_z sr_ectroscop_c trace

emission as a c_iagnostic of the perturoation slze in ii're lmpioc_eci conri_urauon.

Modetin_ of some of these experiments re_ulres extendin_ our _,naivsls u'_to the

nonlinear regime, using our saturation n",oclei from r_r. i.

Direct drive and indirect drive instabilitv growth are tlualitativelv similar,

although the different ablation velocities and scale lengths make for important

quantitative differences, in direct drive we nave the additional problem of laser-

_eeded irre_Tularities, both the early time speckle anc_ the lon_-time residual
mo_auiations. These can De moL_eled with etther t_near anatvsis or direct

_imuiation tin full detail in 2D, and with a _rowinff amount or detail in r)).

-oncep_ua_iv, t:_e mooeiin_ approaches anc_ _ssues are very s_m_iar v,'netner the
,.irive is direct er _ndirect.

',Ve have maae remarkable ero_,ress in iCF instabiiitv mo_ielin_ _n the last tew

years. Modern coae caDaDiiitv, along with the reaiization that the perturDations

are nearly linear, have made the instaDilitv growth problem c_u_te tractibie.

comDarea to a _ew wars a_zo when most workers in the field re_arded it ,as a

__lack art. t2xperimental tests or the modelin_ are com_n_ aion_ very weil:

:_[thou_,n the,,' i_ave not vet definitively verified our uncierstan_iine: or ali the

:-e!evant issues, results are continually very encouraging anci ;re are opt_misuc

that definitive verification will be in hand soon.
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800 A initial rms, 200 A initial rms,
shown at ignition time same time, ali modes/4
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[:igure i. Densitv and temperature isocontours at igntion time for an ignition
target, as calculated in a simulation with a multi-mode initial perturbation on the
outside of the shell. Results from two perturbations are shown, which differ by a
factor of four in all modes. The resulting perturbations are virtually linear. The
perturbations shown on the left are marginally acceptable, with an 800 A ImS
equivalent initial 3D perturbation. The perturbations shown on the right are
certainly acceptable, and the initial perturbation is similar to perturbations
currently measured on Nova-scale target surfaces.



"Weakly nonlinear" is t ~3-4 ns for 0.45 pm initial rms
Contours of pr = 6(_) at 3.6ns _ MTF, half max contour highlighted

Linear analysis With mode coupling
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Figure 2. The effect of second order mode coupling on the shape of perturbations
growing on an ablativelv accelerated foil. These are contours of Jpdz vs. x and v,

for a perturbation that has grown out of a random arrav of bumps. The lett-hand

plot shows the prediction of linear analysis, with modal growth factors

calculated with 2D simulations. The right-hand plot shows the effect oi/second
¢_rder mode couling, in that the spikes are made narrower and the bubbles

broader. The half-max contour is highlighted to emphasize the spike-narrowing
produced bv second-order effects.

h / AR vA,t / AR "{"c e'/1:

' 0.3 ().6 4.3 75
().2 _).4 (_.6 750
0.4 ().75 2.6 14

Table 1. Predicted growth factors obtained from the ablation-stabilization

_ormula, tor various values of the ablation scale length and velocitv. The
wavelength is taken to be AR, the shell thickness, and the distance moved to be

15 GR. The scale length and velocitv, relative to AR, are taken to be as indicated.
Since the parameters cannot be estimated to better accuracy than about 25%, it is

impossible to make meaningful predictions from the formula alone. Full-code

.simulations, with experimental verification, must be used to estimate
perturbation growth.
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