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SYMMETRY OF LASER DRIVEN DMPLOSIONS

by

D. B. Henderson and R. L. Morse

ABSTRACT

The achievement of significant nuclear energy yfelds from laser heated pellets
of thermonuclesr fuel requires that the fuel be compreased to st least several orders

of magnitude sbove initial density.

Such compressions can be sttained by spherical

imsplosions, but becsuse of the iarge compression ratics required, these implosions

mst be highly aymmetrical.

Calculetions of the behavior of {mploding spheres and

shells by & spherical harmonic perturbation method, and by two dimensionsl hydro-
dynasic codes within their limitations, have shown the importance of electron ther-
mai conduction {n the low density sblation cloud of s pelliet in bringing shout the

required symoetry.

These calculations show that at early time in the heating of s

pellet when the sbletion clioud is relstively small and cold, the symmetry require-

ments are most severe and call for as wany as four laser beams.

However, symmetry

requirements st later times, when mest of tie leser energy must be deposited, may

be met by as few &3 one besm.

I. INTRODBCTION

It ha» been shown by one-dimensionsi, spheri-
celly symeetric numerical stelations thet sphezesl'z
or ihellsz of chermonuciear fuel hested by iaser
pulses with as iittle a3 one kile-joule of sbsorbed
energy Wmay return more then this amount of nuclest
fusion energy If the leser pulse compresses the fuel
to 103 or 20‘ times solid density. These large com-
pression retios ere made to occur by timing the dep-
csition of laser energy onto the ocutside of the
sphericel peliet of fuel in such & way as to csuse
sufficient abletion preasure to drive s strong spher-
ical f#slosion. Electron thermal conduction is the
process by vhich most of the sbsorbed laser erergy
i3 transported from near the critical aurfece in the
ableted or "biow off” region, where Lt ta absorbed,
to the surface of the high density core of the pel-
let where ablaticn occurs. In order that full use
be made of the sdventeges of the converging chearasc-
ter of the implosion, the sblaticn pressure st the
sutface of the high density core ouast be sufficient-
iy sphericelly symmetric. This, in tura, places aym-
metry requirements on the irradistion of the cuter
surface of the peliet. To ansiyze these regquire-
sents, a3 wvell as to enticipate some hydrodynawic

tfastability problems which can cccur during {mplo-
stons, we have developed s linesr perturbation
method and have applied {t to representstive leser
driven {mplosions.

II. PERTURBATION EQUATIONS

The unperturbed, or zero order, fiow 1is s pure-
ly radial, engle independent flow. The methed,
though constructed to work in concert witir sero-
order Lagrangisn computations, ts fundementally Eu-
lezian in the sense thet first order quantities sre
defined st zero order positions, {.e., on unper-
turbed trajectories. Iz {s, however, useful to in-
troduce the percturbed displacement, §. defined

through
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where C-o(?.t) snd GI(E.t) sTe zero and first order
velocity, respectively. Linesarizing Euler's equa-

tion with respect to pressure, density, snd velocity
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The perturbed density is then
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and perturbed pressure, temperature, and other aux-
iliary state variables are given by expressions of

the form
Pic* Py

= - §.5 2p op
21 5Vp, plL(Bo)s * su.(as)p
(4)
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where I, C, and L denote initial, convective, and
local parts, respectively. The specific entropy, S,
and the density, o, are taken to be the independent

state variables. The local entropy, is then
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where Ql is obtained from the perturbed viscous dis-

advanced according to
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sipation, external heat sources, and heat flow, the
last being described by

dq
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T ) (KIVTO + KOVTI). (6)
The Landahoff-SpttzerzK and the ideal ges equation
of state are used in the calculations below.

When all first order quantities are assumed to
have the form ol(f'.t) a °1(r't)yt m(ﬁ). Eq. 2 can,

?

after some integrating, be put in the form
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Eq. 6 becomes
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and Eqs. 3, 4, and 5 are unchanged except that now
all first order quantities are coefficients of a
particular Yz(ﬂ). We have found, therefore,that if
the viscosity and thermal conductivity &are scalor,
the ecquations of motion for different £'s decouple
and sre degenerste with respect to m, with obvious
importent advantages for computation and interpre-
tatim."’s’ & three-dimensional analysis, not two-
dimensional as in (r,z) hydro-codes, is obtained
with about the complexity and computat{onal cost of
a one~-dimensional calculation. The scalar assump-
tion requires that we be justified in ignoring ther-
moelectric effects and off-disgonal viscous stress
tenscr elements, assumptions which seem reasonsble
in many cases of interest. It is noteworthy that
taking only the angular thermal relaxation term
from Eq. 8 and che assumed form T, ~ T gives

an angular symmetrising time

2 -10 2
k(ne + ni)t -3.2 x 10 (ne + nl) rc 2 Aei
FE+ D K,
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(¢)]
which can be as amall as 1012 sec/2(2 + 1) for
some situations which arise in leser fusion work.
A camputer code has been written which integrates
the above equctions selfconsistently with the zero

1

order equations.

_ITI. ABLATION PRESSURE SYMMETRY

1n this letter the equations derived above are
used to show the icportant result tha: electron
thermal conduction in angular directions can have a
very powerful effect in making ablation surface pres-
sures, and thus implosions, much more symmetrical
than the deposition of laser energy at the critical
surface. Whether a pellet starts as a sphere or
shell, ablation pressure forms a shell of higher
than initial density and somewhat smaller thickness
than radius, just inside thc ablation surface. 1f
the pressure {8 assymetric, then parts of this shell
will reach the center ahead of others and may pre-
vent the achievement of the necessary high densities.

It 1 then necessary that the distortion, ba n
1 ]
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be sufficiently small for all L-numbers. The dr in~

tegration 1is in the sense that dt = drslvro(rs)
and r, is the instantanecus radius of the shell.

The distortion represents the ratio of the perturbed
motion of the shell to the initial shell radius, rsI'
The sllowed distortions may be as large as 0.1 for
pellets (spheres or shells) which are nct to be toco
highly compressed. But for shells of large aspect
ratio (radius to thickness) they must be much small-
er. It is impossible to be more precige without con-
sidering cases individually, but it will be clear
that important general conclusions can be reached
from gimply requiring BR <0.1.

An impulse approximation is now applied in which
various idealized sets of po(r). To(r) profiles of
Deuterium-Tritium mixtures are assumed and held fixed
in time, on the grounds that they do not change sig-
nificantly during the time of interest for the re-
quired first-order cslculations. (Calculations
with self consistent zero order flows have shown the
important additional result that the ablation process
is itself positively stable.}

The four zero order cases used here are the two

forms, I and II in Fig. 1,* with two different
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Fig. 1.
Note two temperature scales for each form.

“The units throughout are c.g.s.; temperstures arve
in ev.

temperature scales each. In both Torit 2 x 10'2
cm (vhere Perit = 5 x 10-3 g/cm-a). In I the

ratio of ablation to critical surface radii is seen
to be two, typical of earlier times; in II the ratio
is eight.
ters but are thought of for present purposes, which

These density profiles have filled cen-

do not directly involve the center, as representing
8 variety of more or less hollow profiles. The
temperature is then given the same initial pertur-
bation, Tl(r,t = 0), localized near LI for all
£. This perturbation corresponds for £ = 0 to an
increment of the zero order sbsorbed energy and for
2 > 0 to an agymmetry of the absorbed energy which
is equal in amplitude, i.e., where the Y;(Q)'a =
1, tothe § = The contribution of
the absorbed energy input asymmetry at the time rep-
resented by the chogen Do’To profileg to the asym-

0 increment.

metry of the system at a given £ can be estimated
by taking the ratio of the 2(>0) and 2 =
responses of the system for the given Tl(r,t = 0)
to be the asymmetry resulting from 1007% input esym-
metry at that 2. In particular the ratio Vrl,E/Vro

0 lipear

in Eq. 10 is taken to be the value of vﬂ’.&,‘/v,‘._l’0
at the shell, obtained after the impulse contribu-
tions of Tl(r,t = Q) to the ablation driven im-
plosion has occurred. The asymmetry caused by
cmaller input modulationg is then scaled down from
this value. Note that Y':(n) has £ or more maxima,
depending on m, which may indicate the correspond-
ence to the number of incident beams.

A large number of overlapping focal spots may
give quite small sbsorbed energy modulation, depend-
ing on the apot size and nonnormal absorption effi-
ciency. However, as the number of beams and dom-
insnt £ number are veduced to four or less, it will
be difficult to reduce the modulation very much be-
low 502 without the equivalent of rether unconven-
tional optics.

Figures 2 and 3 show £ = O and 4 respcnses
of the Form II, 'l‘o nax 2 keV, profiles to the
Tl(r.: = 0) shown in Fig. 1. Figure 2 shows a
thermal wave propagating rapidly inward, giving in-
creasing Py a8 it reaches regions of larger Por and
csusing only s small accustic response until it
reaches the ablation front and makes it's contribu~
tion to shlation by launching strong ascoustic wavea
inward ({oplosion) and cutward (blow-off recotil),

‘11 The £ = 4

st sbout t = 4.0 x 10 " sec.
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Fig. 3. Time sequences of first order quantities
from Form 1T, 2 keV, £ = & calculation.

regponse, Fig. 3, shows the thermal and presgsure ?

wave being attenuated very strongly by angular ther- L ]

mal conduction, and to some extent by the angular ;

acoustic response, the cause of large negative Tl's ';'H\ 3

and pl'a being mostly acoustic. Figures 4 and 5 E V.o zen

show the maxims over r of the p,(r) and vﬂ(r)'s as i *

a function of time for all four zero order profiles 1%L o7

and assorted £'s. Figure 6 shows the history of E Form I Vo dn4 3

positions of these negative maxima of the v, (r)'s L :i:x //g

for £ = O (the £ > 0 curves are quite similar) [ :

from which one can see when the thermal wave reaches 6" 1 1 Ki 1y 1 1 10®
o ! 2 3 4 5 6 7

the ablation front end makes its essentielly fmpul-
sive contribution to Ve of the shell.

1 (x10"sec)

Fig. 5. Time histories of p, and v mazima for
Form II calculations.
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Fig. 6. Histories of radial positions of v_, mexima

from L = O calculations; £ >0 pgsitions
ere very similar.

From Figs. 4,5 and 6 one can see a general in-
provement in implosion symmetry in going to higher
temperatures and larger ratios of ablation to crit-
ical surface radii, both associated with latter
times in a given implosion. The improvement with
increasing critical radius also strongly favors
larger laser light wavelengths.

More particularly it is seen from Fig. 4 that
energy absorption with 1007 angular modulation is
sufficiently smoothed by thermal conduction at
early implosion times to give a contribution to the
dr integration in Eq. 10 of 0.1 ov less, only if
2 =
er temperatures Fig. 5, £ =
cient if not £ = 1,

4 or larger, whereas at later times and high-
2 gymmetry is suffi-
Moreover, £ = 1 perturba-

tions are not in all cases disruptive since they may
Hence, within the

limitations of this perturbation treatment and ime

only shift the lmplosion canter.

pulse approximation, we conclude that while the
equivalent of four or more evenly spaced beaus may
be required to initiate an adequately symmetric
implosion, the subsequent, and more intense, irra-

dietion may be carried by as few as one beam.
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