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ABSTRACT

The incrtial confinexent approagh to controlled fusion requires that
small thin walled spherical shells of fuel and other materialk he imploded,
cowprcsscd.nnd heated by laser or chargca particle beams. In most ceses
of interest the implosion of such thin shells is unstable to the growth of
spherical nsymmetric#.

We Lave developed and used two numerical simnlation techniques to
study thesec instabilities. The first technique is used to study the small
amplitude growth of the instabilitics hy cmployi;g a perturhnéinn method. The
derivation of the llamiltonian model on which the technique is based is
de;eloped here. The second technique is a fully non linear two dimensional
hydrrdynanics and heat flow techuique (PAL) which we have used to follow
the large amplitude developrent and satuartion of the instabilitics:. The
examples of calculations shown demonstrate fhe utility of the method and

the range of different saturation phciaomena which may be expected.



T. IRk ion

Th. central fdea of inertlal confincient controlbinad fusion 1s that
nuclear fesion facel can be comprecnel and bheated 1o ccona.ical burning
couditivans Ly fimplusion of pellets containing the fact.  Teplosnion in ecaused
Ly ablatIne nnro;IHI from the surface of a pellet with an external enerpy
input froa a fozutced laser or charged ;article bhem:,  Ref. 1 explains in
pore detail thar symetric spherlcal ieplasfons, witich ace vost effcetine
for producing economical burning conditlons, are wade wnch wore effoctive
by the inclusion of thin layers of non fucl watarial, ax vaell as by making
the fael part of a pellet a thin, hollow, spherleal shell.  Unfoctunately,
the performance of such thin shell systess can b greatly reduced by spherdcal
assynetries caused by assymetry of the oxternal heatlng, or by Rayleigh-aylor
type hydrodynanic instabllity cansicd hy materlal aceelerat ion aad deasity
gradients. The magnitudes of these pheavaena and the contribution of effects
vhich nitigate them, such as thermal coaduct Ion and detalls of denslty proltles,
can be calculated for maay cases of Iuterest from a partially linearizsl
numerical treatment of the hydrodynamles and heat. flow cgoations vhich introduces
spherical assymetries as angle depindeni. perturballons of an enact sphevically
synctrlic treatment. This method, which is more cconomleal than full monled--
dincnsion hydrodynamics, and consequent ly pernlts needed packacter studies
that would othervise be almost imponslble, fu desceribed in section 1L, The
rcthod presented here represceats a major improvenent over the carller
perturbation method used in Ref. 1. HiIth the new methad, which in coutrast
with that of Ref. ), is bascd entlirely on a llamlltonian MHodel, problem: can
uow be run through collapsce of an impolslon to the eonter and at conniderably
Ican cost. Resulta of recont studies vith a cade called PARSY uslng thils

rethod vill be published clacwhere (2).



I thome canes Whese eayeettie G eramees prow b Lngas g litede,,
part ientarly as a vesnlt of feat precing feaabilities o vaveleagilin aore
resch Tess than the epheriee? slell circefenmeen, o unlti diwens fnnl
irdeodyiaics and heat flew muer (cat rethal in wectded wiich Is capabile of
treat ing the highly distorted flews invelved in these particnba probilee:,
Scection T1I prosents a Particle-ln-Cel! type methad (3) develuped for this
pacpnee, which contains wore of the feotires and advanliges of Losrinegsn
rethods thar the carlier PIC nethods vhile retaining the advimias:s of fixed
grid: in Landling distorted flows. 7The ethod is called PAL for PArticle

Legransean.  Scction 1TI concluden wlith an fupor imt mmaple resalt obtained

vith this nethod.



sEeon 11
h. tupeerturhed Hohel

Tiee Laailtonian wedsl ITrowm vhielh the difhierence equations {for
the livear stability wethod are obitained conists of a nﬂﬁtcd uet
of shells which in tlee abscare of pertuerbstions are conceistric and
have rodii rj. rallial velocities vrj and surfoce winse densities, }j'
per stesradiom, Thereodyascic projeertion are delinl) e, centered,
in a horogencous massless fluid between zones.  These properties
include pressure and tceoperature, 2, and T.: P, and T, are in tha

J J 3 J

region hetween "j-l and rj. The radial accele :tione of the nass
arce deterzsined dlirectly Ly the difforvﬁccu I t«seon adjacent pressuris.,
The firsne and last points of the calcalalion ace mise polnls 5
ang rjmnx' the former In-ing at Lhe origin, i.c., r, - 0, il there
is no void in the case and at the tize in cnstion or at sone 0 <€ ¢,
il there is. The heat How hetveen the theomslymwnsic regions, Fj'
cnergy per steradban per sceeond, then passes through the maus sarlaces
ob ares Aj e 1.7 and is defined there.  This descoiption of the
unperturbed syston Js sisbly o ons dinensloaa’™, thvricnl,-]n:rnnninn
hydrodynaziics and heat {lew schews (Bef. 3). The differentiz]l egnations

of rotion of this wode? are:

v . .
1) rgfﬁzl wer Ty P (B S
dr,

?) J:-V

e oo, ri
ar J

. Bee halow
ror 3 )

. . h .('r. "lr.) r.z oy I s o "y e ?
) B SRR AT RO Lo TR (X (S ¢S D I (R S 15
I e T IO 2 EERT L RS R 1L B R D
Gyt gty P72 2 ) /-

Ve clhose to average zane cenler the thercal conduetivity, K, Lo zone
bound:aries. The choice of the radial iacremat arrves: whfch the

temperatoee gradleat in deliacd in oeg. (3) is the siopl U approxloately



4
r.p:llin.lly centerea form. It conldt he irgn ol ot soiee expense i
coxplexity by averaging by volume instcad of by lengih.  The Fj'n

are used to advance the thermodynactie state vacviable, which is

specifi~ entropy, sj, in our codc,

d 17 dq. | (k. -F
P i R T T e
dt M. T dt M.T.

3] Ji

aad the $,'s in tura are uscd to obtain thi: I'j's from an cquat ioa

3

of state

3n,
5) Pj = Pj(sj' Pj), whern :)j = (E;—J_—r;;y)— .

An analytic (Y law) entropy bascd procedurc is ﬂcscribcd below (near
eq. 82) for both zero and first order variables. If some other state
variable such as energy or temperatun: were tsed it vonld alszo he
necessary to integrate an additional cenergy cquation invelving thoe =
PcV/dt lLydrodynamic work team, vhere ¥ is zonce voliuc.

In this code second order acciracy in the time step is obiained
in integrating these cquations by the nie, hoth in the zero ondor
cquations described here and in the {irst order ¢ymation: below, Ly
using a modification of the leap frog schewns in which, in mits of
the time step. At, the mass point or surface positions are Jeiined
at whole integer times and their valocirices at half odd inteper
times. We nzed to include some orher dependent variables at hall
and whole tlme (such as clectromagnoetic ficld components when spon-
taneous magnetic ficlds are traated later) and to have first ovder
accurate values at half (whole) time: which are known to sccond
order only at whole (half) tinmes. Cousider then vhe vectors K1 and
ﬁi of dependeut varlables for cach gpace fadsx j, whlch are to be
Laown to sccond order in At at hall mnl vhole tines respectively,
A and W contain alternste order time derivirices of vavions dependest

varichles Inehaling r. These variahlte vectors. vhich sat{sfy the



continons Liva diflereat izl cquat o
ah,  1.(A0)
n) ..l D
(.‘ ) -.-l.; “nw . w .
dii, 5. (A1)
. ..-J. s -l
Gh) dv

ara then advanced through a full tine step, Au, whire t o nlit, by

difference equations of the forn.

.. ) . | e .-
7a) AMFEGORTTE 4 A x LAY, B
j Jj B T
el . —_— e -
) BB+ A x 7LGATED)
i i 5 i 33
g ). — e-nl: =l
ga) A"l . AR x T, @MY RS
] 2 J
Y VR
Bb) -}_5‘;.-'-1 L Bn + AL x ’_'_J (A“* ‘.Hn'-‘)

vhere the superscripts indicate tive aud the subscripts are abueat
from the ar'_;.u:n(—uts of { and E beecavse the continuons fourm i+ space
in [-,cnc:rn!. involves spatial derivitives such o '\"l’. aund, therefore
the spatially di{ferenced forms ai dudex j will contiain nou-local
values at least from jrl. While eq:. 7b and 8a arce uwot tine centered
and arc, therefore, only first order accurate in At, in all appli-
cations it 1s casily shown that the results arce mltiplicd by anuther
factor of At before being added to a second order qoantity and,
therefore, second order accuracy in At is maintained.

B. Perturbalion Treataent

The perturbation trcatment consisuts of calenlating fFivst order
correction:, which depend on all three cli::-.rn::inn?:, i.c., on angle
variables as well as on vadlus, toe all of the zero erder indepond.nt
vaclables, which depend oaly on radini. The fnclusion of the required
cont immus dependence a0 angle varizhles is accomplizhed by using a
nodel which is »ssent{ally a three dincusional lagrimsian vroectwent

of a spherical system n which the radial zone dieensfons rveimein



finite while the angular (about the spherical ceuter) zene ditensions
go to zcro. The angilar depiendeuce thervefore beesco. cont inuous, i
indicated in Fig. 1, which show: o crotis cect ton tHonoesrh the spherical
center, and the polnt Inertial nasses at the zone bovndary Inter--
soctions becorme continuous spherical (to zuxulh order) nass shells,
Corresponding to the continuons ansular zoaiaj, every point on the
mass shells has a throe dimenslonal first order lisplaccanl, [

which consisls of a radial displaceaeal, Lr' and teo anegnlar displace-

rents, F’ﬂ = rQ,, and correspoading Lirst order velocil ies, Vel amd 0,. /
Then the equatlon of motion of a point on Lhe j”' mo:s shelt, in teras
of the lincar and angular womenta, pl_ aad .F(l' is
dp_. dr y
9 ._p.!l w f A .l.rJ-
dt rj® dt M,
J
dpg, . A, pg.
10) _—&-.: r_f ...—i = ..s..)'.J..l
de 35" de M,r.
h N
where f is the force on the muss, Hi. snbteadsd by oo steccadien
on the wperturbed mass shell at the 0 in question, and po.o MV,
2| TJ . j rJ
P, = M.r,“f .. After espanding to first order in [ cquation (9)
141 b I B |
contaius a zero order part which is equivaleat to cqu. (1) and (3)
above and a first order part of the same Earm,
£
9a) PPry £ Fors Py
du rj’ dt M.,
J
Bq. (L0) is only first order since ve exclude m-ruth order angalar
mot.ions. To first order in E, ‘fn iz .
11a) f_ = =8[A_“(p )Y [N e -l ) tA (P P .
) r [ J ( l.j'l'l I-J)] IJ( o,.it) 0..|) OJ( 1y it l)j)]

] th . -
Heve § and ) subsecripts indicate zere and first order quantitics
respectively, the prefix § indicates: the first order part of what rollows,

aad .\j is the arca of that pact of the surface wvhizh subtenil: oo



? . .
sterradlan on the mapertmbed e shell (A i : l'.i ). The execpt iea
‘l

to the ordier notation in £ vhich is purely firs order sl so dors

not carry a 3 Subscript. Both f’r and .E,“ cuntribnte to the change:n

A . in the surface area, Aj' of an clesent of a masa: vhell. 1t is

1]

caslly shown that Al.'i = A"_ + Al-q_'l =
2}

> — e ?.', E::.]
12) = A ., {._l AV Cﬂ = A [ ..L 4 .- ._] ’
2 ] j v
oj|l r ] ojL r R
vhiere V2 is the gradlent wlth yespect to angle variable only, aad,

therefore, that

et |[%y o SRS -+
13) L= [_Egl'Fﬁg?‘ (Po.j+1 po.j) d (Pl.j+1 pl.jﬁ
SR J

The angular force per sterradlan, }hx' has twn qualitatively diffcront

contributions, l.ec.,
- TR W
1b)  foy = gy '+ gy

'fh] can be thought of as the angular contribution frua rotating f

away from purcly radial by any tip of the th miss snrfacce, and

1o

!fﬂx 1s cansed by angular gradieuts of the prassure.

It is clear from Fig. 1b thet

1's -fru ar’r
14) { " e !
ﬂ 1l r a-bi
d - z -]
vhiere fro,j = r:I (Po.j+| lo,j)

A welghted sium of ’fnl,jiI values is applicd Lo'rhu mass surface
along with fr; as indlcated In Fig. 1b., Thesc averagaed thl forces
resultlng from pressure gradients fn the angmnlar directions are
transferred to the mass shells, whlch contain the inertial nass, by
the rlnid, massless radiai zone houndary panels:. This Is a consistent
mdel in splte of the facl that the separatlon of these panels is

takes (v be vanlshingly small.



Beeanse of the snpherical geosetry, the ces eibedjon frowm .

iv H h R X ic . . '.?E- i greter e ) ‘i
given angular pgradicent of 'j,j 1. 1,j in prester ahen to T

This can be derfved by Entegretfug the toree into e pase, Fiee le,

on supports at r, and ry causird by a prewsure ' applicd to a panel

between two radil. The forces on supaorts at r, ol Fyr ot railiam

J
in the plane are
Ty rs
- HETI * L) .

15) Fl = dfl w L ‘(Ir(_: ;) i IG [r?' |r?‘l..)|-‘?l

r 1 2-1)

: P(r2’-r 2 r .

16) F =F, , -F = -_(—‘-‘-;----’L-) e SN S MITEAg

Then clcar.y, since the force on a panel per unit ares per ealt

angle along the direction of the pressure gradicnt is - DP/Uﬁ, acding

forces at rj from the panels between rj-l wied 'J' el hetveen 'j and
rj+1 gives
op anr,
3 ol 1302 NOYE ST T o
17) fﬂl,j & { i lrj+1 TS 21j] t 0 lllj TiTia™l 1.

The angular vector cquations can now be converted into sealar cont ion:
by taking angular dlvergences, 1.c., by operating with -%;nn the vecior
cquations. This, hovever, will not be possnibla when Lhiﬁn cquat ivns are
generalized to include spontaceously generated magnetic ficlds and off
diagonal viscous stress tensor eloements. Then Jusitead, vector guant.it ien
(actually vector sphericai harmonics instead of scalar sphoerleal

harmonics--—sce below) must be cuployed. Combining eqs. (10), (L1b),

(74), and (17) and operating with 'a: on both sides give:s
o ’



el e

% a")
d [« ] | 13
19) - 3 .ot Ll .
L ] "j'j’ ( 02 ]

.:‘ C] . . " p o P .i] [, »
. :. [ .. Il l] {'_il]“jli'.i""r.i ] t [::J- ;‘:' J ‘lr:i -rjr.-!__:':

The Tirat order Ly rodynanie syatea in cocpleted by sobatital ing
eq. (11) fnto cq. (9) ! dor this pacpsoas perterhed denslties, ‘;.I..J'
arc nesded to obtaln the pertarbed pressire:., l‘) o frow derlvit,ves ol
the equatlon of ntata. Suppnue & kpot on the ranes shell ot r.i In
small caough that (-VI!.-L:'!) voafite T can e Laeon: i amifors oves §is
turfase. the claspe o voliee.-, .\', ufl the pefen Cfpeed B L annt,

the one on the surface ab r subl enelesd by the ons nupertusheg

J--1
radli, aud stralght lives comect ing; correepnn ling anpertwlid poing:,

has contributions from s‘r,_l and 1 aml ".'.',_i and 43

20) \']J Lk vh'.l . | \’_m.i '

\'“_J is the volume avept out by the perinrbed vat fon of the cald caps
and is
21) v E

IR N R R T

r,J-1’

The V ) contrihutlon 15 ohtalned froa fatogriting the pertirbed

cross scctional arca, A (scc eq. 12Y, of the volm:r cleent between mass

surfaces. From A.lﬂ at an arbitrary radlLun, r, between r._l_I and rj.
22) A.'ln * Ai(!,j r [r-:!-j:-l ]+ Am.j-]_ [rj-:__] T
T U B 3731 Tim1

integrating over r from rj__1 to rj fives



A A, . ]
o L)W e, 2 2y 4 LRI Coyy 2
23) Vin; ¥ 6 r, (z;_l TiFe1 ) ro (r. ALFL N A Y )J .

Equations (21) and (23) can be simplificd with the relatlonships betweon

5]

the unparturbed volumcs and arcas

r

[

24) ._°_..1_ [ __] and Vos (_J_,.__a 21 l)_. -

and with Alﬂ.j oJ H *l from oq (12).

Then the desired expression for p1j becones
_pv

= 2] 11
25) Py v

o]

[Ny~ )
1

-

p—

'3°j_] [ S 'J]

1 . 2 P E
+ [j 5,2y L Ty, )y Yoty sy

Spherdcal Harmonle Expansion

At thls polnt the Flrst order hyd-odynamlc cquations can be

expandead in scalar spherical harzoaics. This i» acconplished by

first expanding all scalar quantit fes: sueh as Pl, Tl gl, v 0 1g

aad (“?f}iz) in the form
o



26) P ()~ ¥ ¢ . v ().
1] £, 1538m "
The Ytn's may h- thought of Az orinongormal vver A sterradians although
1} . -

their normalization is not fwportant here. The ouly addltion:l praoperty

we require hoere is the idoeatity

2 L9 9 Ty = —g (- )
27) \.nY ) - el Yo ()] z(zn)vm(sz).

When cxpansions of the form of cq. (26) are substituted in all of the
cquations of motion and the auxlliary relations such as (25), and use

is made of cq. (27), Lt is scen thut becausc of the orthogonality of

the Yzm's the cquations ncparatc completely with resprct to £,

and chat the equations for a given £ are independent of (i.e.! degenerate
with respect to) m. In particular, from eq. (27), the quantitles

appenrinﬁ on the right side of the expansion of eq. (18) hecome

2 9 (
78) "a‘—l'—a:; Plsz Lm (p) B _L(E'Fl)l' 1 n Y!"“(n-)
3,3, £ yp ¥, @ = -ROHDE o ¥, ().

rjha
on of

From here on we suppress the subscripts £ an:d m on dependent variables.
1f for simplicity we make the deftunitlons

29) Aj p rlj

Hjérj (using l\:I for arca also thonld cause no trouble)

then the equatlons of wotion, which are combination: of equatinns

(9), (10), (13), (18), :nd (19), be onc

dA

o gt |[80n)pranrt) o)



. dl, - A
31) T;_l -

Hj
dC r
A R , _ 0. 2 a2
32) 3¢ 1L(i!.+1)n-:.I lljrj(lo‘j_'_l Po'j) 5 {l].j_l_l(rj_l_‘rj er) v
' 2 2 o\
Py T )
db C
—1 . _
33) dt Hjti
In addition an equation of statc is requircd
38) Py 3" Py (5P )

and the relationship (25) for p1 j which now reads

lnj rj -rj"l J j j"l

3, 2 2 1 7o
35) p, , - _(_,__,_11_) [rj “j_rj-xbj-x] + ¢ [rjuj(Zr. YT Ty )

' 2, iy 2
+ rj-xnj~|(rj 1rj 3-1 th_l {I .

Specidl Trcatment of the Origin

The origin in & = 1 calcialations 18 n special casce and nust
be treated in a special way. This fact, which may be intultlively
obvious to recaders who arc familiav with itability analysls, can
.be understood in the followlng way, which brings in some concopts
nceded in the mathematical treatment.

The orlpin in our treatment of the spatinl differencing is n
. point wass. ItlcOuld have been a poiut vhere thevwodynaule varlables
arc centered inotead, Howcvn}, thls would not flt in with prableas
vwhich start with a spherical void In the mlddle of a system and
colapsce the First nass auvface to a point ehen material Flrst

reaches the center, and we do such problems,  Then, tiluce the

2



orlgin 15 a point 11 can only hav : a single vector dixplacexwent, E].
not a cant.lnuoar r‘r(ﬁ) or 'f:n('fl'). That such a rigid .displucc-.‘:mnt of
the origin i& only consisiteat with an £ -- 1 perturbatfon is perhaps
obvious, but we procead as if it veren't.

Considcer now the change in volume of the conical r(-.gion with
straight sides between the orlgiu and the perlmeter of a smull area, A;
on the first epherical or alumost spherical wmass surface outslde of
the origin, which is at wmean radius ra. The volume, Vo.z, of this

region (see Flg. 1d) is easily scen to be

A.x

22
?6) Vo )2 3 ]

If the mass surface is kept fixed and the origin is displaced Ly t,,,

the change in volume is then seen to be
A€, T,

1) Vi@ --EL2

2
wherao -1-"2 is dirccted to the centroid of A. If 1 Is a unit vector

in the dlircetion of Ty then we wrlite
—A,F ]

The first order demaity change cansed by motion of the origin is then

-p, 5 V1,2(D b, o (€,
39a) 0,200 w —- izr'_‘_""" " ._____rz__l_ e
0,2

and the total p),2, including contributious from Fiveat ovder
dlsplacenents at rj (u(-o eq. 235) lIa

o (6 5

9B) D Rl

Ca? r ) -t _ L Lo
¥ [l‘z LI..Z(Q) t 5
The flrst order pressurce is then

40) P;,2(D) = Dl.?(ﬁ) [a“]
i-2

Jp

vhere the presaure devlvitlve, vhich is of conrac a zero order quant 1y,



is calculatad at the i = 2 zero ocdier state condiiicens frowm vhatever
cquation of state is used.

From cq. (40) and the addition theocen for spherical harmoniles
it ean be seccen that 1;,2(0) can oily cousint of £ = 1 terms; which
justifies treating the origia in this spcecial way only for £ = 1.
The theorem when applied to & = 1. states that if 0 is the ansle

between £ and 'S—’.gl, then

+
&1) com 0 =X ¥ Y,f.;('fz)\'l.ncﬁg ).
b m=—- 1

1f —ﬁ‘;l is the direction of €, then €,'8Q = £; cos® and (-.(|||:1|:"le| (41)
shows that the § depandence of €72, and therefore I'l-,z from cq. (39),
has only the £ = 1 form.

In order to obtaln the time Jdependence of &), and thevefore
P;,2, wve now need an cquation of wotion whicl\. gives the tine depondence
of £,°Q from P;,2(7), i.c., an equation of the form (l(:. b1y, ().
We start from eqs. (13), (14), and (17) for the forces on a nmans
shell and take the limit that the radins of the shell in quesition,

j =1, goes to zero. If Lt can be asswned that rl;r and l:z'('\"'ﬂ-'?:u)

tend to zero as r > 0, which is true for casces of intercst, then

eq. (13) pives [rl = 0 for rj = 0. Similarly in ¢q. (14), slnce
> 0

—e _— - U b
fro r¢, 1if rlf,n *»0 as ry *+ 0, then tﬂ.l o

however, glves a non-xero contribul ien. For j = 1, the sccond term

Fquation (17),

i3 zevo becanse there is no Py,1 (which would by onv spat:lal center lay,
couventlion be inslde the ovigin). The first Lerm gives,

,
2T Gy . et A2 (1)
h2) rsz,,.(") S -

The scalar product of the Intenral of this Torce over all anples

with the malt vector § ds



L) ey, b Qartaay (:) - - v
)

1t can be shown that for an arbiir.ery vector \'9 that licn in the
surface of a aphere of radius r, the sealar proaeel of an sarbitrary

unit wvectar, ﬂ', with the dintegral, AC of this vector over the

Do’
sphere is

—ax Ya (§1)

44) Q-\ 3

7
flo

if Vp is such that

45) Vn-vn = o ¥ am(Sd) .

If we assume P“z('ﬁ)~\’1m('f_f_\ for any particular m in licn of waxpanding

in Y, 's, then since
Zm

66) |V FIITEYCY S WS | WY ¢:) RS 1€ X3 DL (1) T A PY 1))
o TE LT gn r2 ¥z
rrly

becansce £ =1, we have from substituiing cqu. (44), (45) and (4AG)

into ¢q. (43),

2 p } 2
PO S & 2 IO Sl R CO R N R I £ I P
ROBRUES T I 6 [ ( ra ][l)! - 9
(rocweuber this actg on all /|1il;lJ » NOT qust HJ) .

If the mass per stoerradian of the meass shell bounding a central
void is N], then the mass of the origin mass polnt when thls shell

is collapscd 1o AuM, and the cguation of wuat ion is

)}

,-
a’E, -
48) 'e'llﬂrd-i:-z' 1,1
or
0. (o
ra L (8Y)
9 .

Suhutitutlng fute ¢q. (49) froa cq. (40) fer I, () plves

,. . - - =
4Y) fiM) :;t’ (‘2'(’,]) o o fy g

Yefa w00

’. - wus
w) amyy S (0B o - TR T
' i



1n practice wo solvae thiz cgunler by sohsiitanl ing into cg. (39)

for p,,p(ﬁ) then into the v wating of state lov Fy,o, iond then
substitutlay into eq. (50). To bhe consistent uiih e (39) through
{33) we set €y = Dy = 0 and define

51) Ay 5 5E TED

Then

52) Et"ﬁ T O(ANM )

57) <Bi . g,

When th. mass shell bounding a central void collapses to the
origin, then £ = 1 position perturbations, Cr and D,.cnrry som;
average displacement which must then become the inltial valoee nf'EI
when the canral nass point is forned. This averagce displaccerent
is given by

0 T w i far [€.,,@ + 'g'n.l('s'z’)j

and the scalar product, (-51 °'Q'), vhich 18 what we need for equ. (51)

through (53) is then,
1 H
T N¢) = o— e’ |7 o-_ 1 F I,I
55) £:'Q X §d9 [Lr.r 24 %2.15]
By definition of Er(ﬂ ), where we have set F,r,‘(ll) = 5;-,1"1 ,m(ﬂ)'

E
A

for whatever m we are cnuhldemlnn. The addition theorem, eq. (41),

56) - §d9 £ G 4(17 v, ()

and orthonormally of the Y's then give

’ .. £ h . - ..
.5 L ?d‘ﬁ’t:r '('s'i‘)-sz ooyt &r’ vy, @) l"“ X I:,‘(sz‘)\r]_‘__‘,(sz)}
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Froa the definitions iu cq. (79) el b dincossion abive we anve

38) vﬂ..t‘.ﬂ,l - D]Yh:l(n.)

Then from «q. (44) and (45)

s9) 2 {a:i’e‘,,m-'siw U NCY

where 1y is the veid Lhoundry radics. Cocbinlun ceqn. (55), ¢ 58) and
(59) gives
60) 'El-?i - % (E,  +ryD)) Y, ()

which 1s the deslred prescription for converting perturbations at
r; > 0 to a value of €,°Q for a central mnés point. This is done
in th; computations at a point when ry €€ ra, 1) 5 very near to 0,
and the time step eriterion for eqaations (32) and (33) is hocoalng
prohibitive. At the same time D and €, for & > 1 arc sct to zoro.

Artificinl Viscosity

It iF necessary to introduce a visconity to elraisiodate shock
waves cven if the recal physical viscosiiy in insignificant. 0f the
various possiblce forms of artificlal viscoslty, we have used only
those which give a diagonal and isotropic stress teasor, i.c¢., a
simple viscous pressurce. In later treatments of real viscosity,
however, off dlagonal terms will bhe included together with 2 vector
spherlcal harmonic treatmert of perturbed qumtiticn. Walle one
dimenalonal codes, like an zero order spherleally syetric code,
can and do sometimes usc forms fo; artiflelal viscou: presaare which
are not proper scalarg in the tendor scenae, onr need to gencralize
to more dimenslons to include Llr:t order asymetrlc contribuat lona

leads un to use only proper scalar forrm,  the forms we have used arc



61) 0) P - (YN
B P (e’
c) P = —WE(V-v) .
In nost uses these are turned on only vhen Pv > 0 or wlien Pv( Vﬁﬁ) >0
to avoid negative viscous hceating. Note thiat in an entropy bascd
scheme cven though tlhiere is no - PdV work term, where P is the pressurc
from the static equation of state, there is a - PvdV worl: term vhicl
generates entropy. The valuea of u, which uf.coursc have diffcrent
dicensions in'different sclicmes, arc computed locally to damp
oscillatlons with a wavelength of the order the grid spacing on a
tioe scalc of about an scoustic perlod for this wavelength. Lounger
wavalengths are relatlvaly much less damped. In practice we have
nsually used a combinatioa of Eqs. (6la) and (Glb). The (6lc) schem
has the advantage that it gives no artificial pressure in a reglon
of uniform compression, and is used in cases where high compresslions
arc ubtained and valnes of pR that are obtained are sensitive to the
form of Pv'

The differencing of Pv’ hoth La zcre aad fifsr ueder, is atraight-
forward, if a bit tedlous In sone cases, and will not be reproduced
here. The nﬁpronch we have foll-wad, which Is In keeplug with the
intepral, or flnite clenent, approach of the rest of our modcl, is
1 dv

to ray that (Vev) = Y ur

I thuld be noted that when an onfof F condltlon based on the

for auy ccll volane.

sign of P or PV(V:J) Ls used in the zero order code, then the Elrst

ardur vitcous preasure must also be switeh an and of L at the sane

tinen.



First_Gider Neat Fls

The treatment of fivst order heat flow also poacesds “y analogy
wvith rultidimensional Jagringian metheds. We generalize from the
ze.o order equation (3). The heat flow throczh a zone bounduary of
arca A across which there ii a temperature differei-c AT over a zone
center separation distance of Ar is

' _&E[.E

Khen all variables are wri.ten as a sun of zcro und first order
terms, the result is multiplied out, and zero and first order . quations
arc separated, cquation (62) becones, in zero order,

-A x AT

o, OO0 O
63) .}o Ar

which when put in terms of radial indices is eq. 3 (above) and, in

first ordcor,

1 Ar Ao K AT ¥iYs
o o o o

In onr system Fp; ha. twa parts, the radial part, P]r' and the azinmuthal

part, Fln,_for vhich c¢q. (64) becomes continuoms:, and uhicﬁ will be
LY y ] --’-I .-:
trcated as the variable \9 Elﬁ.

For Flr we substitute into eq. (64) dircctly. T) and K, are

obtained at zone centers from cquation of state {informatfion, and the
's arc averaped to zone boundarics (sre cq. (3)). Ar]j iz also
choscn in a way that is consistent with eq. (3);

PR S b LU S R B e
15 .

These substitutions {nco og. (4) give, stace Ah j " rjz .
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66) F, ™ ( ALy J)(_ﬂ j1) ‘“.J) J

(r -r. X

x [_:,1 * D] e 'J'-"-"I’.,j Erau
r )J+1 O)J ,jl'l--‘ﬂ.j rj'll_rJ

where the first term in the [ ] brackets i« A .
nj onJ

Fbr'fln eq. (64) simplifies because ATO is zero. Coing Lo continuous

dependance on § gives, where now ¥, is flux per mlt arca rather thas

b T1)
" flux per radian as in the case of Fr'
67) Fa, " .cjvn 15
or

-az(z+1)n T

- 2 ) 1j
68) V Fiﬂ,j KjV ol The

(rj+1+rj)
Note that }19 4 is defined in radius at the thermodynawic polnt,
which we have taken to be (rj+1 + rj)IZ, (cq.3).

The desired result from the heoat flow calculation is t%c ratc
of heat flow into a volume between zone boundaries which in the un-
perturbed statc subtends a unit solid angle. We obtain for this
rate, ,Flldt from a surface area integral of total Flux over this

volume

dQ. dq dQ - -
69) F __Fo + F) -ﬁ dA F + (II: dAo]'-‘l + 4} dn\x'l"o

dat dt dt or or

The zero order terms reduce to the standard spherlcally symmetric form,

dQPo

gt " WogFor,37Ma, 3-1For,3-1) " = (57 Fgp 47E 4 F,

70)

The first order terms arc

dQF — - -
7) _d_t-l B _H'f‘ dAonFrn * ‘I I‘ d'\or'rlr * '{I' i r.l"nr]

vhere A is tha arca of the spherical end cap on the th mss surface

r,]

and An I is the arca of the sides ol the zunae (wWhlch dlasappear in tha
»

or,j  j-1 or,j-l)'
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cont imanns Tiwit) hervern the A1 and sorlacei. The fivat tern

in ca. (71) ve approzisate as

3 3

ey )
aoy ol T A I T
72) ‘IJ Bog Frg * ¥ 3V "f')l Ty S/ARETY i

by Gauns' thoorem and amsnaiag that ﬁ%{]ﬁ“) iz unifors over the

voluiae V. The Jast teo terws are treated as iategrals over the ond

J

cines. Tallang Alr frow ca. (12) uad substitieting . (72)_n]0n; with

thi: end cap termas givaern

: =KL, 2P gt
73) Q. 5 FaE 7 Ughigdy = (5 %Fy, or' 5 1 Fy )

[ 2 2% 4,
ol LA R e T e L.zl +o, (!
»J 3 r%7 L
llerce wo weve used Aj zr? and-_jrhi B D. (cq. 29) in eq. (12) for Alr

Substituting for For' F]r and V? 19 from eqs. (3), (66), and (6S)
into eq. (73) gives the desirved difference cquation (vhich is too
bulky tc be worth writing out here).

Other Sources oi Entrony

In addition to heat flow there are uwsnally two other sources

of cntropy input to a zme in probleias of interest, the viscous work,

and laser or charged particle beam energy absorption, 65, which is a
source term wsually gilven by trajeclory integials of an absorption
co-efficient that may be a function of all state variables.

Ehen eq. (74) is linnavized it gives the standard zero-order

cequation and
I \ dv
v d 0 1

A N A R N
75) va T ac” Poo Tdt ’

where, it will be recalled, Vi i (r13 - riil)lﬂ. Both of thene time



derivat lves of voluze alie orcur in the ditierma e exprocsion. for

P aud P oas discusned below en. (AL).
\'d Vi

1u principle a wide variely of laser ol cluoged pavtlele i
encrpy absorption schanws are possible, se wide a variety tho) it
would rot be rearonable to try to present hewe a first order treatment
of absorption that would bhe gencral enongh to cover al® of thea.
However, onc prescription for lasur encergy ab:zorption is so cowrman
that it will be discusscd bricefly here.

Accordling to this prescription, to zere oxder light impinges
on the spherleal target aloug radial rays and is absorbed at that
spherlcial surface on which the ﬂcnnily, p. it ecqual to the crltlcnll
denslty, Por (vhere the plasma frequency equals the lascer frequency).
The rzone iIn which the enargy is absorbed is then that zonce whosn
density is in nome sense closit Lo Pee When first order ecorrections
are consldered it is clear that dewsity scervturbations do net chaage
the masns surfaces between which the enexwgy is deposited.  That is,
there are no first order correctloas te the cnergy ahisorption rate,
65 in radlally adjacent zones as there would be if
the absorption were a much weaker Function of deusity as it is in
charged particle beam systems. Hovever, the cnergy nbsorbed per
unit mass In a zone increases or decreases as azlmithal perturbations
increase, i.e., dialate;. or decrcase the s&rfncc arveca that the
particular part of the sarface of a zone presents to the incident
rays. This correction, which is proportional to arca poertvrbatlion
is obtained from eq. (12) for A,.

There i3 a furthes lirst order enrrection to 65 the assymetry

of incident irradlatlon, which ls naturally taken to be propartioanl
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to Yy and e ber weny dtgertant ot low Soaeshersn Cotdiining: the

variaee area dmd ansyractey pectu e ions pives
fcttd, ) ]
6) Q. . Q J il P,

v g T 2 5

11 , .
viere an . ln the zero ' order source pitter in the j zoue, q, is a
W0, 1]

coasiant fives acdey veladive mn? aeey, ol the dls, whiieh are

defined on the waus soe_facen and averajed to zune centers, are
relative first order surface area dialations flven; from eq. (12) by
P o B ,‘] [.2.“1 ool
35 - rj . I rj jJ

results. The perturbed energy from egi. (73). (75) and (76) are now

oty =

co:bined into a single toerm,

8 Qg Qe Tyt Y

procasses considerad. GI course there is a parallel zero order

eguation for Qo . We could now usc tabular cquatinvm of stite inform-

»J
ation or employ the following gamra law procaedure.

First dcEine a constant (arbitrary) refercnce value for the
deusity, Pys vaich Is usually takea to be 1(g/cm®) for convenieuce,

anl a corresponding quantity, P ., wvith the dimensions of pressure,

K1
which is the pressure in the jr'h zone whon pj u pR. and which is a
function of tlme as well an Gpace in non-incentropic situation. .
Then the panoa law equatlon of state is

Y

P
y ] = P '-j-
79) l.'l ll!,j [pk

It will be reecalled that the consteal Yy is 5/3 for a fully iunlzed

plasma or wonotonfe pas, 7/5 for a diatoaic g, and 1 for aay



igothernal fluid. Yor tne gancan

jth zorwe is

saw the Ionlernal encergy for the

. i, 3 € .
80) E, = _vﬂ‘l'fj . _(:J___ izl _.)_p .(_I:I? }fl(f_'_?), T 1
] (y-1) 3(Y-1)u j 1(Y—])n

wherc }5 is the (thermodynamic) -‘mass of the zonca, k 1s the Boltziman

constant, m, is the mean lon mass, Z the mean ionization state,

and "J is the wmean partlele deasity. Also, of courne, independent

of v,
' p, (1+2)
= = -—J———— u
81) Pj njij mi klj

To calculiate perturbed pressurces we lincarlze eq. (79), by assuaing

PR,j 5= PRO,j + Pnl,j' dilterentiate with respect to time and obtain,

with the help of cq. (80) and (81),

dav, . . (Y-])r')
g2) —RGd . -

T (o, oM

3

, (y-1) [& -0 {- "lcv 1)]
W 171, To,in .
83) :“ﬁ%hi - ©:3 [ T%) .

and the zero and Eiut order temparatures are

ko e o [rag]
Q o3 1 Ml
w roy -l [

. "
“y o Wy p [
85 1 15} .l..kl.'.l -t ("-_1) [f’:,.j] 1

Tro, 2

This cquat:lon of atale procedure or its tabular equivalent

for less (deallzed material propestles, is in Lfact entropy basad.

It avold: calenlatinp the hydrodynaale worlk and the acemanlat.ion of

trincation evrors Ln thal usnally tavge term.  Tu general 4t haa the

clvantapes of any nuacrteal schoee:s which trisata phy:=leally connerved,

24



(or noarly or souctiues contervedy, quantitfes (her: specific entropy)

in such a woy thar when they should be constant they are really

coust:anl. to ronnd ofFE.

N



ILL. UE PARTICLE LESHANGEAN (PAL) MEVIOD
For studylug aspects ol imploslons which ave too distorted to
periit a perturbation treatrient, and in particular for stadying the
non-linear saturation of the Raylcigh--Taylor Instabllity discassed
in Section II and Refs. 1, 2 and 5, a Particle-In-Cell type method

has baen developed which is wore legrangean than the orlginal PIC

sacthod (Ref. 3). This method we call PAL for PArticle Legrangear.

20

The PAL method has been incorporated in a two dimensional, cylindrically

symatric code called IRIS with a fixed rectangular grid in r and =z
and regular grid, i.c., ccll, intervals (Ar, Az). Kecall that PIC
(Ref. 3) defines the different hydredynamic variables on the fixed
grid the way the purce Kuterian method does but also asseciates tha
mass with fixed mass partieles. The particle masses are, however,
in general not all the game. The particlis arc woved with a velocity
which is interpolatad to the particle positlons from the cell
centers.  The cell center veloclty is obtained by dlviding ccell
momeatum by wass., The mass in a cell (or zone) at a given time is
then obtainch by adding the wasses of the partieles in the cell at
that time. Momwentum and e¢nirgy arc transported betwean adjacent
cells during a given tlne step fn preportion to the fraction of
cell maas crosslug cell boundrices with the purriclbu.

The PAL method atisoclates moacatum and an intcrnal therao-
dynamic varlable, such as the upeciflle entropy used In IRIS, in
additian to masa, with the particlea.  In thls respecet the method
yeseqhles the “coll lslonleas” PIC zethod developed for plasing
slanlat lou purpases (Rel. ¢). lNowaever, mllke nearly calllalonlecs

plazzias with thelr distrlbution i partfele veloelitles at any polnt,

-t sk =
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fluids have a velocity tield vhich is a single valued funcliud of
pasliion. Therefore, cell center woieata aud velocities are obtatined
by smcaing partlele moxenta, aml the particles are woved according

to interpelated valucs of these cell velocltles: as in standaxd

fluld P.I.UG. Cell center eccelerat lon: are calculated from a sum

of forces on cell facen and from ccell mast, .1 particle wmomanta

are incremented durfng a time step by an fnterpolated distributlng

of the corresponding cecll momﬂntuﬁ change over the particles in a
cell in proportion to their mass. In summary; the quantitices defined
on cell centers and on particles arc given in the following lists.
Note duplication of those quantitles which are sunmed or Interpolated
between cells and particles.

Partlcle Quantities: HMang, m; monentin or velocity, v or F;

specific entropy, u.

Cell Quanititics: HMans, M) monentuna or veloeity, V oox V; entropy, S;
tenperature aud prensure, T and P; acceleratlon, a.

It is clearly pasglblce for Indivicual particle velocltles to acen-
mlate large departnees from the local nv;ruuu ccll velocltles.

This has been limlted dn practice by applydug a small ratve of daaping
(L.c., smoothing) of particle velocitica toward the lacal cell
velaclty in a momentam conuurvlug vay. an"ily, Lt has not. biren
found neceasary to nse damping rates that algnlflcantly wodify
corputed flown. The tlme atepplug procadure nsed calealates all
quantitlea at hall aad wholce time steps fu o way that 1s almilare

to tvo atep Lax Wendroff (Ref. 7) and glves aecond onler acravacy

In the tha stap, At.  Thin procedurs rnnulres two pansces through
the partlele table for u piven tlee atep, bt thls e pense is oo

than compensated for by tle gevond order acemary In M. Speclal care
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has been taken Ju presceribing the details of the calenka lon ul

forcesn on vacnun illt(:l'fnri-.:;, il.c., fru.-/r.nrf:u'o.-::, 1O Cuntkerves Lhacen:
and to avoeid the spurlonn heatin: and acecleration of celle In such
interfece reglons, which Ins sonct ices obtainad by PG wethod:s.

Heat flow,.which In our physic.1 applicat lans Is by clectron
thermal conductlon (Ref. 8), 1n.rrvntcd Lweplicitly L thme for the
rcanon that the thermal coudactivity is o mtrong fens tion of ten-
peraturc and in some parts of most problems becomes very large.
‘These large conductivities would requlre an unaccaptably sieall value
of At to obtalu stable forward dLffervnced solutions af the heat
flow cquation (Ref. 9). There are srveral ways that the lamllelt
formulation of the two dlmensional heat flow egqnatlon can he solwvad.
The method we havi used 1a called splitting (Bef, 10). ‘this acthod,
which 1s partlcularly well anlted to regnlar cell gilda, n[rvéllvon
decowpotics n two dimenalonal calenlat Lon Juto twn set: of arthogonel
one dimenatonal calenlatlousn whilch are casily done hy standacd 1d
fupliclt mcthods.  Second onder aremacy In At is abtalued by per:
formlng tun ncts of r and z 1d calenlations on cach Ll atep (soc
Ref. 10).

Flgo 1 dllustrates the way the TRTS coda haa heen usned to ztudy
the prublea of non-1Lear develapaeat of Bayleigh-Taylor instrabllity
in deploding spherical Hhuilﬂ. Thv.shnlch on the left nhowan a conleal
sccllon of the shell in Ita lulefal poalt lon (dashed 1Llnen) and at.
some Internadlate tloe In the faplualim provess. Ve take the view
that up 1o thia thae the inftlal perturbat Llons on the matahle
ont sl aurface have grown fron wenld _.-minl Ltudisa to asplltuce:n of
the order of the pertmbed sodie waivelingih on thee auvface  and that

during thle carly perled hetable meecth s correctly dizaerlbael by
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e liseem ized freatreag (obove) . s, wlam the e itahle e
reoalitsls beraen of the arde: ol Phe wievelenpthy, o falt waldie
Qirnniinal (':nlt_'nlnliu.- ie regquinet to fredd e soqueat 011
boead g af ather em Yiear saturat ios proazecnes that tay oconr. TFor
this pitopote: 1he center aais of the cyllndiical grid of the code is
plaved an a radins of e spherleal wyatein, as fwlivated in Fig., 2,
ant in thin way a rcall pillsnng n neetion on the g lading nicll
is niualatesd, The oatsldzr sarfoce of the prid 1s rigid but allowa
frea l'.'nlj:c-nli.'_l'l slip, ok the ends are rigid,. Since in pener.

the gont unstable shell distortlouss pas. fram wadecate non-linerlly
Gaplitude sllghtly les:s then waveles=th) to nhell bhrestiea or satur-
ation ai ther ghell noveas enly a four tines L Yeogth, Conaspzent by,
ar i1l b H;'('Il bedow, viten the she!l thicknens 1s aneh Jess than
fts spluerleal radlas, the prld measd uot be extembal o near the
arlpln (i, s0 Tar Jn 2) thot ats eylluteival shape lu serlovily
in conflict with the gpherleal geaiostry of the Laplonloa ayste:n,

Two appaalte nanp!e casie are showa here, Ju the fivad,
Indleated in the wpper right of Flpe 2, the shell in puchial Deeard
by the presaare of a fower denslty, aad usually louer atanle ml:.nln-r,
7, outer layer (reglan 2) of blowo!l material (Ref, 1) vhleb la a
wach better thermal amduactnr than the higher deasity hasa chell,
vhich in thin cam s Blo. @ 10), a favorltr l.esor Tuslun shell
taterlal, and Ix heatid and ralned to o hipgh presswee ron the ot e
by the laner e charped partlele heans There Ta, however, no thereal
condact tan In the calenlat lony correnpanding te the fact that condnet lon
andd ablat lon are nat fmpartant e thia type of Banloa i,

The 1nterimne, l'hl.rh iomuitobbe vl v thesws condit tos:y, s e b bed

vith an aap! el 17 ot it vavetenea b, A pade vlth vavelen sth
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about vgnal to shell thiviaes:s vo chosen becanse the eowbilnat ion
of higher prowth rates at shorter vavelengaths and geeater ability
to breah up the shell whea the vevelensth is Tonger is geancrally
bollevell te rake thin the vt dencervas redde. The Jultial §i0;
ehell Qensity I 2 gl:l/(-m’ and that of the lower density plastic
blow oi f layer 2/3 go/end. For these calenlations a repalar tquare
prid of 36 (in r) by L/0 (in 2) zunes and 132,110, partlcles wera
tused,  The lower right sketeh in Flg. 2 Illustrates the second
case, uhi.ch_ is the same In other reuspect: but has tha lower denuity
blow off layer removed and its oflect replaced by the pressure of
direet ablatlon from tlhne SO, ahell. The Incldent laser lipght is
depasited at eritleal dewslty (laser fregquency equals plasma
frequency) of 0.2 g/ wd, Thermal condnctlon 1s dmportant aund is
inchirded here)y inceldent laser pover is 10" 1/ en? and Lenperatures
of aliont 2 keV ave reachid In the ablated matervial.  Ablated ematerial
raachlug the ends of the grid Is allowed to flow out frecly.,  To
compeusate far tie removal af shell mterlal by ablatimm the phaell
muterlal wan wade inltlally twlee as thlck, which Is 2.5 mo dlu this
catie, and the perturbat. loa amplitude corceapondluply twiee as lavge.
Figs:. 32 and boalhiow t1lme snequences of dennlty conltours frum the
blow olf laycr and ablatlve drivea eatira reapectlvely.  An important
diflecmner s veadlly seens The shiell that 1o delven by the
priszure of lower denslty paterial vithont thermal condnction (a),
vhilith 1 essent{ally the classleal Saylalgh-Taylor unstable ailtuatlon,
shaws the Inatabll ey costlane to grew past the small applltode
Teveel and break up the shell Into lealated reglons of eaderatse
Gty The lows 1 denalty blew of P Tayer material aquletn
Lot the o bilohier densdity aegaios . trard the center of the spherLeal

Liole slon iy «Lasd ot ¢t e aeen i plots of the Clac veloelty |held
) ) y



(nar shown).  This type of hehavior vonld ren it itnte pxtrere dinrnption
of the fgdomion al vonld preclods achieving the hiph compressions

of Tuel inside of the ghe1l which duestial conf inewnt fasien requlre:
far cconomical perforommec.,

The ablative driven case, Fipo $, shows seemicgly wuch nore
stable behavlor in splte of the fact that small auplltude ealculations
vithe the el anplitmde tntlen? of Section If abovae find fnntabiliny
grovth rates fur this camer with theriul conductlon and the above
blow off drlvea caac ulthout conduction very nearly Lhe samz., hoticc
that in spite of sorme perslstint ripples on the ontnide of, the shell,
Liwe higher density widdle of the shell is essentdally laminar, in
contrast with the Isolated roglons of higher density sceen above.

Thia lawminar form would produce the type of ceshaentially spherically
aynctrle dmploslon desilred.  What has been cacountoered Iin these tvo
dimenaional simulations of ablation is apparently a non-lincar
saturat lon mechanlsm which is cansed by lateral (parallel to the
surface) heat flow dn the ablatlon reglon. This conjocture about
lateral heat flow 1s proapted by catalled examlnatlon of thu renults,
which show this. Kvldently Lhin offect conld be very iwportant for
lusier fusion., If an, rhe ablatlve snystem would be anch better than
that delvem by a blow c¢lf layer. Uowever, in the parvticular caue
shown herss the ablation rate Is on the hilgh end of the range of
tureveat.  More than the few rims which have been made so far will
be necded to map out the ranges ol physlical parmeeters in which this

non--1hnear ablative atabilizatlon can he expectal to accur,
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¥ig. 1 These diagrims illastrate the way the livcarized perturbation
difference equations are derived by taling the linit of mnltidimension:sl
Ingranpcan difference cquations as the difference intervels in anele

nhont the spherical eenter go to zero and the angular varlation baecones
_cnnrinnnus.(la) Tllustrates the limiting process in which the anenlar
di.aensions of zones vauigh whllé radicl intervale reiavin finite. (1b) Shows
the origin of the angnlar forcc; l?hl,j and zThl,: from departurces from
spherical symetry and from angular differcnces of pressures applicd to
radial pannels respectively. This sketch shows the discreet angular interval
sitvatlon hefore the continoons limit 1s taken . (1¢) Sheres: the unomotr§
of the radlal pannels on which angnlar pressure difiercnces act. (1d)

Shows the geonatry of the particunlar treataent that must be glven to the

mass point at the spherical center when treatlug v = 1 pecturbatioas,
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Yig. 2 the sehemt ic arrengiem of the eylindrical grid of the PAL
caode to treat o circular section of an inplolting sl:ed]l isx shown on  the
left. On the Tight are shown the initisl conditlons far the o different
modes of driving the shell to fmplode. The upper fipure shows the initizl
conditions for the mode in which a lower density outer fluid at higher
presuure pushes the higher density shiell.  In this case there is no leat
flow. 7The lower figure shows ifnitial conditions for a case run with -’
clecetron thermal corduction in which ablation pressurce c:nsed by absorbed

laser Yight cnergy drives the implosioa.
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Fig. 3 Contours of density iltustrating results of the two cases

vhose initial conditions arce sho:a scheraticly in fig., 2. Case T is

the crsce without heat flos. Casce 17 is the lauar driven ablative casc.

Note that the direction of wotlom in Z has been reversced Froim that
shown in fig. 2, ic., wotion is to the right in both caxes here and
the laser is dncident froa the lefit in Caze 1I. In hotl: cases the
first fraime shows initial runlitions and subscquent frawes peinn down
show the iscdensity contonrs ai later tfmes. Note the shavp conlrast
between case 1 in whick the shell is broken inie elearly isotaled
regions of relalively high density and th~ ablative cise I1 ia whiel
the flow is almost lanminzr and the shell Sutepgrily is essentially

prescrved.
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