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a result, the radiation should be easily detectable
to an observer looking into the plasma along the
direction perpendicular to the magnetic field.
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FIG. 3. Graph of y (defined as the direction of energy
transport with respect to Bo) vs 0 for ~, /0, = 0.6 and

several values of the frequency.

direction of the group velocity. If we let p denote
the angle between the group velocity and the am-
bient magnetic field, then it can be shown that"

2n'(1- o.') sine cosg
p[2(1 —n') —P'(sin'8 +p)J

A plot of p versus 8 is presented in Fig. 3 for
parameters used in the calculation of the emis-
sivity. Evidently, p ranges between about 70
and 83 for frequencies which correspond to the
high levels of emission, and we conclude that the
direction of energy transport is predominantly
perpendicular to the ambient magnetic field. As

A. Z. Costley, R. J. Hastie, J.W. M. Paul, and
J. Chamberlain, Phys. Rev. Lett. 33, 758 (1974).

2D. A. Boyd, F. J. Stauffer, and A. %. Trivelpiece,
Phys. Rev. Lett. 37, 98 (1976).

3A. E. Costley and TFR Group, Phys. Rev. Lett. 38,
1477 (1977).

Ph. Brossier and G. Ramponi, University of Mary-
land Report No. 703P001, 1977 (unpublished).

5I. Hutchinson and D. S. Komm, Nucl. Fusion 17,
i077 (1977).

TFR Group, Commissariat a 1'Energie Atomique-
EUBATOM Report No. EUR-CEA-FC-894, May 1977
(unpublished).

~C. S. Vfu, L. C. Lee, and D. A. Boyd, to be pub-
lished.

L. C. Lee, C. S. %'u, H. P, Freund, D. Dillenburg,
and J. Goedert, to be published.

~I. Hutchinson, K. Molvig, and S. Y. Yuen, Phys.
Rev. Lett, 40, 1091 (1978),

OT. Stix, The Theory of PLasma Waves (McGraw-
Hill, New York, 1962), Chap. I.
"H. P. Freund, C. S. Wu, L. C. Lee, and D. Dillen-

burg, to be published.
Q. Bekefi, Radiation Processes in P/'asmas (Wiley,

New York, 1966), Chap. I.

Effect of Magnetic Shear on Dissipative Drift-Wave Instahiiitjes
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(Received 3 March 1978}

We report the results of a linear radial-eigenmode analysis of dissipative drift waves
in a plasma with magnetic shear and spatially varying density gradient. The results of
the analysis are shown to be consistent with a recent experiment concerned with dissipa-
tive drift-wave instabilities in a toroidal stellarator.

Recently Vojtsenya e~ al. ' have reported the re-
sults of an interesting experiment concerned with
the effect of magnetic shear on dissipative drift-

wave instabilities in a collisionally dominated
plasma in a toroidal stellarator. Their results
indicate that drift waves are localized near the
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m aximum of the drift-wave frequency ~+ (the
variation of + arising due to a spatially varying
density gradient) and are strongly reduced in
amplitude when the shear in the magnetic field
exceeds a critical value. In this Letter we pre-
sent the results of a linear radial-eigenmode
analysis' of dissipative drift waves in a plasma
with magnetic shear and a spatially varying den-
sity gradient, and propose a possible interpreta-
tion of the above experiment.

The local theory of dissipative drift waves is
well known (see, e.g. , Kadomtsev'); this theory
is applicable as such only to shearless situations
and with no spatial variation of the drift-wave fre-
quency &. Moiseev and Sagdeev' have carried
out a radial-eigenmode analysis including the
spatial variation of ~ but with no magnetic shear.
The inclusion of shear strongly modifies their
results. Further the previous analyses" with

magnetic shear have been rather qualitative and
incomplete.

We consider a plane plasma slab with the den-
sity variation and magnetic shear along xdirec-
tion; i.e. , n, (x) =n, (0) exp[x/L„(1 -x'/3L~')] and
B(x) =Bo(T,+ T~x/L, ). Here L„L„,and L„are
the shea. r length, the density sca, le length, a.nd

the scale length for variation of density gradient,
respectively. x =0 is taken as the mode-rational
surface; i.e. , surface on which k'B =0. For
simplicity, we have assumed the density gradient
to peak at x = 0. As usual, we shall assume elec-
tron thermal conductivity parallel to the lines to
be very large to justify using isothermal elec-
trons and approximate the ions as a cold species
(T, =0). If we use the linearized equations of con-
tinuity and motion for electrons and ions, take
perturbations of the form y(x, &) = tp(x) exp[i(k, y
—~&)], and finally assume the quasineutrality con-
dition n, =n&, we obtain the eigenmode equation

dx x S—

where

k]}=k
II 'x:k~/Lc, xc = M /k [i Cc q N~o =k~pc Cs/Lnp

=~~eilk~~ Der v eZ' = ci mel Cs = e/mip Ps =Cs /~ci y

and the other symbols have obvious meanings.
The eigenmode equation is unchanged if instead

of using Quid equations we use a drift kinetic
equation for electrons and take account of elec-
tron-ion collisions by a number-conserving Krook
operator and work in the limit &„»,k!!~,&. In
the weakly collisional limit, ' other collision oper-
ators may give somewhat different results but
this does not seem to be true in the strongly col-
lisional limit &«& ~, k!~n,~. The first term comes
from the ion-polarization drift, the coefficient
x'/(x'-ixR') is a, consequence of the resistive
pa, rallel dyna, mics of electrons and the x'/x, '
term has its origin in the parallel ion motion.
Moiseev and Sagdeev4 solved Eq. (1) in the limit
x «xR, k

~~

'x = k
~~

= const (no shear), and x, = ~ (ig-
noring the parallel ion dynamics). For x,-~, x
« Ix~l, and ~~, constant, Coppi' has indicated
that no growing eigenmodes exist for this equa-
tion.

We first examine the eigenvalue problem for
L ~ =; i.e., ~~ independent of x. After changing
variables and rearranging the terms, Eq. (1) may

be rewritten as

where

+ R

$ =x exp(i-.'~)/X, X2 =-.'P,x„(,2 =x,'/X',

& = i(X'/p, ') (1 —~,/~ +k,'p, ' —ixR'/x, '),

where U is Kummer's conQuent hypergeometric
function' and n = —2(1+ 4A)' ', k = 1+ n, and a

A = i(x,'/p, ') (1 —(u, /(u —ix,'/x, ').
When $R'=2(m, /m;)(~„/~~)(L, /L„) «1, the eigen-
value problem associated with Eq. (2) may be
solved by the following matching procedure. In
the outer region $» $R [so f R may be neglected
in Eq. (2)] and the solution which properly de-
cays away for x-~ and Im& 0 is given by

y =A (-'$') ' ""Ii(a b 2$')exp( -'&')
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= —,(g —6) ln the inner region $ $s «1 and the solution may be approximated a, s

y i = (1+$ '/( s') '[Ai P,'($/i$ s) + BiQ,'(&/i$ s)j, (4)

where the ~„' and q„' are the associated Legendre functions and the order & = —(2+ o). The constants

Bz and AI are related by the parity condition at the origin, viz, pl(0) =0 for odd-parity modes and dPI/
g !, , =0 for even-parity modes. Matching the outer-region solution q, with $«1 to the asymptotic
form of the inner-region solution (for 1»(»$s), one gets the eigenva, lue condition

l'(&) k l (~) ( 2 ~)F(2 ~)
1 p

BI cot p p

where I' denotes the usual gamma function. Note the definitions of &, a, and other related quantities
following Eqs. (4), (3), and (2), respectively.

The eigenvalue condition (5) is, in general, difficult to solve analytically for the complex frequency
tu. However, approximate results may be obtained in certain interesting limits. When IAI= sk'p, '(L, /
L„)I/s'l«1, one finds v=A. Evaluating Bz/Al for even-parity modes, one obtains the approximate
eigenvalue condition

a= -n+(-1)"+'2 "' pA

4I'(2 n) '- Oy &p ~ o o o

For the lowest mode we then obtain the dispersion relation

(6)

Equation (6) leads to the surprising result that in a sheared geometry, resistivity only enhances the

shear damping of drift waves by a factor proportional to &„'and that no unstable mode exists. A de-
tailed analysis' shows that the expected growth terms are proportional to &„and are always subdomi-

nant to the resistivity-induced enhancement of shear damping. For k'p, '»L„/L„ the other simple and

instructive limit IAI» 1 can be used. Here again one finds for the lowest mode &=A"' —&, a= —A~'

and the approximate dispersion relation

Even in this limit, no unstable eigenmodes exist.
Furthermore, it has been shown' that for A» 1

and $s'& 1, a WEB analysis predicts the same
eigenvalue condition as Eq. (7).

Our analysis thus leads us to the surprising re-
sult that for 2m, &„L,/m;~„L„«1, electrostatic
drift waves in a plane plasma slab with magnetic
shear only exist as damped eigenmodes. We have
verified this result by a direct numerical integra-
tion of the differential equation (2) using a shoot-
ing method and also by a complex WKB treat-
ment. ' Figure 1 gives a plot of the numerically
obtained collisional enhancement of the damping
rate y/~~ =y/cue -L„/L, versus the electron-
ion collision frequency &„/cr„. The analytical
results in various limits are shown by dotted
lines; the agreement is very good. The numeri-
cal calculations also show that the modes are
stable even in the range 2m, &„LJm;~+L„&1.
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FIG. 1. Collision-enhanced damping rate y/a~ = y/u~
—&„/L, vs electron-ion collisional frequency p,./~„
for k, p, = 0.02, me/I; = 1p 4, and I. /L„= 1pp.
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None of the above investigations, however, forbids a convective amplification of wave packets of drift
waves. ' Physically the eigenmodes are damped because of a resistivity-induced enhancement of shear
damping. An obvious way to recover growing eigenmodes is thus to make shear damping ineffective.
This may be done by introducing a proper profile for *, i.e. , by discussing the case with I-+ & ~.

Equation (1) may be written a.s

0 p q 0
d~2 0 4 ~2 ~~ 2 (8)

where

q =x/Xo, Xo'- —,'xop„xo '--(~„~/~)&„' —x, ', q~=x~/Xo,

&, = —(A. ,/p, )'(1 —~+,/~ + k,'p, '+ix„'/xo ), Ao = i (xz/p, )~(1 —&u„o/w+ ixz'/x02).

To nullify shear damping, we must require that Rexp &0; i.e. ,
I „&x, &d /(d.

For lq~ I'«1, we can use the same matching procedure a.s above. The analog of Eq. (6) is

&x/2 L 2 1/2
~0 k 2 2 P8 1 (1 )

ec 8 8 PS
xo 2 go ppl ~ L~ xo'

(9)

Equation (10) shows that shear damping is absent and that resistivity contributes to growth of the eigen-
mode. For shorter wa.velengths, the analog of Eq. (7) takes the form

CUg P -J-s &e~ Pl
1 — ' = —k 'p '+(i —1)k,p,

which again shows an eigenmode growth rate
It is clear that inequality (9) is the criti-

cal condition for the existence of growing eigen-
modes. When it is not obeyed, we again revert
to the previous case of shear damping only.

The experiment of Vojtsenya e~ cd. ' was done
on an argon plasma in a stellarator with typical
parameters: T, =6 eV, +,=2~10" cm
» T;, B,=3.1 kG. This justifies' the use of an
electrostatic drift-wave model to describe their
experiment, since P =8vnT/B, '&m, /I;. Our as-
sumption of cold ions is also obviously good. The
experiment demonstrated the excitation of dissi-
pative drift waves (&u-~„&v„) localized in the
neighborhood of a maximum of ~+. It was also
discovered that when the shea. r pa, rameter &=I „/
I-, exceeded 0.05, a substantial reduction in the
level of drift-wave oscillations takes place. We
now propose that the transition from a growing
eigenmode to a stable one may lead to a similar
reduction in the oscillation level. In the former
case, the instability keeps growing until nonlinear
effects saturate the waves. In the latter case,
there is only convective amplification of waves
and they may saturate even at low levels, by
simply convecting out of the unstable region. In
the experiment, the transition can occur because

inequality (9) switches as &=I „/L, is increa. sed.
The condition of shear stabilization of density-
gradient-localized drift waves may thus be writ-
ten L~/P, )&~ ', where & is a numerical factor
taking account of the fact that (i) the experimental
density-gradient variation is not parabolic, (ii) the
transition to a lou -saturation convective mode
does not occur exactly at L~'=x, '&e~, /&, (iii) the
experimental situation may not be well repre-
sented by a one-dimensional slab model, and
(iv) there may be inaccuracies in our estimates
of various parameters. For L ~

=—2 cm and the
other experimental parameters given above, we
find agreement with the experimental value of ~,
=0.05, if we choose & —,'. Considering the above
uncertainties, this seems pretty reasonable.

This work was partly supported by U. S. De-
partment of Energy Contract No. EY-76-C-02-
3073 and by U. S. Air Force Office of Scientific
Research Contract No. F44620-75-C-0037.
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Laser Fusion Experiments at 4 TW
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C. D. Swift, and K. G. Tirsell
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(Received 17 February 1977; revised manuscript received 10 October 1977)

DT-filled glass microspheres have been imploded at power levels exceeding 4 TW using
the Lawrence Livermore Laboratory 1.06-pm Argus laser. Thermonuclear neutron yields
in excess of 1.5&& 10 have been observed implying a DT burn efficiency of 1.6&& 10
Neutron and ~ time-of-flight measurements indicate DT burn temperatures of 4—8 keV,
implying that a DT gain of approximately 10 and a n7 of 10' were obtained.

As part of the effort to understand the physics
of laser imploded targets, a series of experi-
ments examining both basic laser-plasma, inter-
action phenomena and the parameter space of
exploding-pusher experiments have been per-
formed over the last three years, both at Law-
rence Livermore Laboratory and other labora-
tories. ' ' A laser irradiated target is said to
operate in the exploding-pusher' mode when the
pusher significantly decompresses in the process
of compressing the fuel. This is characteristic
of a high rate of energy addition to the pusher.
Laser absorption mainly by collective processes
producing superthermal electrons, early energy
deposition in the hsell by these superthermal
electrons, a near supersonic electron thermal
wave driven by electron thermal conduction from
the laser-absorption region, and significant
shock compression of the fuel causing a la,rge en-
tropy change are other characteristics of the ex-
ploding-pusher mode. This results in a limited
density increase, but significant heating of the
fuel. Early exploding-pusher experiments with
DT-filled glass microshells indicated that for
fixed DT fill, the target performance, measured
in terms of neutron yield, should increase" as
r,"'w' '(ov)T"' '. Here r, is the target radius,

M the shell wall thickness, T the time- and space-
averaged final DT fuel temperature, and (ov) the
Marvell averaged DT cross section. It is as-
sumed that 1' is proportional to the useful speci-
fic absorbed energy, ho. The useful fraction is
essentially the absorbed energy eorreeted for
any temporal mismatch between the input laser
pulse length and the characteristic target-implo-
sion time scale, and is thus the time in the laser
pulse beyond which further absorption can no long-
er influence the final implosion phase. This time
is found empirically to be roughly determined
by the amount of energy absorbed until the pusher
has traversed -30% of the initial target radius,
with the instantaneous pusher velocity assumed
proportional to the energy absorbed up to that
time. Since pusher velocities are = (2.5 -3.5) && 10'
cm/sec, ""a 90-pm-diam target would find near-
ly all the energy "useful" for la, ser pulses with a
full width at half-maximum (FWHM) ~ 40 ps. Ex-
periments performed at KMS Fusion, Inc. also
gave results consistent with this description. '
Targets irradiated at a, fixed peak power, with
pulse lengths increasing in steps of 40 ps up to
240 ps, showed no increase in neutron yield for
pulse lengths beyond 80 ps. Both to confirm the
"useful energy" hypothesis and to extend our da, ta


