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When Zv& /ve & 1, inverse bremsstrahlung results in a non-Maxwellian velocity dis-
tribution for which the absorption is reduced by up to a factor of 2 compared with the
Maxwellian distribution usually assumed. Transport and atomic processes are also al-
tered. Especially in materials with Z &&1, this is significant at lower intensities than
for the well-known nonlinearity for which the measure is vP/v 2.

Light absorption by inverse bremsstrahlung re-
mains attractive in laser-induced fusion schemes,
as compared with absorption by collective proc-
esses which heat a minority of the electrons to
superthermal energies. These electrons preheat
the target core and do not effectively drive an
ablative implosion. To make inverse bremsstrah-
lung competetive it may require that the ion
charge state Z greatly exceed 1. Especially in
this case, but also for Z = 1, I will demonstrate

nonlinear modifications which take effect at lower
intensities than the absorption nonlinearity an-
alyzed many times before. ' ~ A second refine-
ment removes the usual restriction that the light
frequency must greatly exceed the collision fre-
quency.

We reexamine the collisional absorption (in-
verse bremsstrahlung) of intense laser light in
a dense plasma, considering heating and diffu-
sion of electrons of various energies, the evolu-
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tion to a non-Maxwellian electron distribution
when Zvon/v, m 2 1, and the resulting changes to
transport and other properties. [Here v, is the
peak velocity of oscillation of the electrons in
the high-frequency electric field, v, -=(T, /m, )'I'
is the electron thermal velocity, and Z is the ion-
ization state. ] For example, the absorption it-
self can be reduced by a factor of 2 compared
with the absorption in a Maxwellian plasma of the
same thermal energy density. For materials
with Z» 1, this is significant at lower intensi-
ties than required by the more familiar nonlin-
earity for which the relevant parameter is v,'/v, '.
This ratio may be expressed as vo'jv, ' =4x10 "
IX'/T„where I is the intensity in W/cm', X is
the vacuum wavelength in micrometers and T,
is the electron temperature in kiloelectrovolts.

The origin of this nonlinearity is that, when
Zv, '/v, '~ 1, electron-electron (e-e) collisions
are not rapid enough to make the flat-topped ve-
locity distribution produced by inverse brems-
strahlung Maxwellian. As a clue to this result,
consider the ratio of the e-folding time for heat-
ing to the e-e equilibration time T„required to
reestablish a Maxwellian distribution. For a
Maxwellian distribution, the heating time is
(thermal energy)QZ ~ E =37;v,2/v, '. We have ex-
pressed the absorption "in terms of vo and &, '
=[4(2m)' '/3]n, Ze InA/m, ~v,', the same as the
standard Maxwell-weighted e-i scattering rate'"
(except for a small modification' to lnA). The
heating time is shorter than &„(—= v,/Z) when
Zv, '/v, ' 2 3, in which case non-Maxwellian dis-
tributions are possible.

In computer modeling of experiments in which
inverse bremsstrahlung is thought to be the dom-
inant absorption mechanism, agreement with ex-
periment often requires invoking mechanisms
which reduce absorption. Perhaps the effect de-
scribed here has such a role in the experiments
of Shay et al. ' There, with intensities of - 10'
W/cmm at wavelength 1.06 tom, electron temper-
atures of - 400 eV and Z - 10 ("a conservative
choice tending not to overestimate absorption"),
I find v02/v, ' =-O.l, and so the conventional non-
linearity' ' makes only a 1.5% reduction in opac-
ity. However, since Zvo'/v, 2 =1, the nonlinearity
described here results in a 40%%uo reduction, com-
parable to other refinements invoked in Ref. 8 to
improve agreement with experiment.

The nonlinearity of Refs. 1-4,4 for which the
measure is vo'/v, ', arises as follows: In the
standard treatment, a Maxwellian electron dis-
tribution oscillates relative to the ions. The
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drag on an isotropic distribution shifted by V is'
~ V ' (fraction of the electrons for which lv-V I

( V). This is linear for small V/v, but increas-
es more slowly at larger V/v„ finally decreas-
ing ~ V '. It may seem that only electrons whose
thermal velocities are less than the drift V con-
tribute to the absorption. ' In fact, some of the
faster electrons do gain energy while others lose
in such a way that no net energy is lost from the
field to these electrons. This diffusion and ve-
locity dependence of the absorption are clarified
below.

I derive the equation of evolution of the elec-
tron distribution function f due to e-i scattering
in the presence of an oscillating electric field.
For h v «T„ there is good agreement between
quantum and classical descriptions2'~ except for
modifications to InA, and so I use a simple clas-
sical model'" for clarity. If one assumes uni-
form density and field, the kinetic equation is

Bf e ~ Bf
~V

v' I -ff Bf
~ „= C..(f),

with A. = (2', Ze4/m, 2) ln A, in the usual notation.
C„ is the e-e collision operator. Expansion in
Legendre functions, f(v, t) =gf, (v, t)P, (p), sim-
plifies the e-i collision operator. The first two
equations are'

Bf~ eZ 1 B 2 )Bt m 3vm BvSZ g

fl e f0 p (v3f )Bt m~ ~V 5V ~V

2A
v3 f1 Clp

with eE(t)/m~ = v,cos~t. I have truncated the ex-
pansion by neglecting f„ this implies vo2/v, '« l.
The effects of v,'&v, 2 for a Maxwellian distribu-
tion have been discussed extensively, ' ' whereas
my present purpose is to demonstrate that such
modifications are possible even when vo'«v, ,
so that one may be allowed to make this simplifi-
cation.

At such intensities, the time dependence of f,
is predominantly at the high-frequency ~ and it
is the slow variation of fo which is relevant. Co
is evaluated using only f, [Eq. (7-7lb), Ref. 7].
As e-e collisions do not much affect the oscillat-
ing flux f„except indirectly through the slow
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variation of fo, I drop C,. I obtain

4m Bf(E ~ Z&= ——An m v 2 dvge g p Bv

= —m An, gyes, v 2
00 Bg

dv fo-,- (4)

Sfo Ave' 1 0 g Sfo
)Bt 3 v Bv v Bv

(5)

with g(v) =[1+ a) 'v„'(v)] ' (1+v ~'/v') ' where
~„'(v)—= 2A/v' is the electron scattering rate
and v is defined by ~~„(v ) =1. The rate of
change of kinetic energy calculated from Eq. (5)
is consistent with the absorption, Eq. (4).

The function g accounts for the changeover
from the primarily reactive response of the fast-
er electrons to resistive response of the slow,
strongly scattered electrons. Usually, colli-
sions are treated as a perturbation on the oscil-
lation of the entire distribution, ' ' i.e., cot,&» 1
for all electrons; so that g=—1 and, from Eq. (5),
absorption is'~fc(v=0) for vo/v, - 0. For Max-
wellian fo, this leads to the standard linear ab-
sorption result. " '" Here, one sees that absorp-
tion is o=f, evaluated, where g increases rapidly
from =-0 to = i, i.e., at the velocity v„ for which
scattering and light frequencies are matched,
&o7„(v~) =—1. Numerical evaluation of Eq. (4)
shows that absorption is reduced by a factor giv-
en within 3% by exp(-v s/2v, '), for v S2v, .
Electrons with velocity v have energy 8[(n/
n, ) (Z/&) in A/10]'~' eV, where n, is the critical
density for the light, which has vacuum wave-
length X in micrometers. Although this energy
can be several hundred electron volts, unless
7', is much higher than this, the opacity is so
large that the laser light may have been entirely
absorbed at lower densities. The opacity is'
tc = (u/n, )/cw„ if v~ =v, then cur, =3( m/2)' ' and
aX —= 2scz/~ =1.7N/n, , so that light is mostly ab-
sorbed in-n, /n wavelengths.

Numerical solutions illustrate the evolution of
fo and its effect on absorption and other macro-
scopic properties. I use a numerical scheme
similar to one in Killeen, Mirin, and Rensink, "
in which the Fokker-Planck coefficients are cal-
culated from fo without linearization, except that
the energy consistency between the finite dif-
ference forms of Eqs. (4) and (5) is preserved
and the rapidly decreasing "tail" of the distribu-
tion is correctly represented (at least in thermal
equilibrium); both properties are independent of
the spacing of the velocity zones, which are lar-

ger at higher velocities.
I consider first the effect of inverse brems-

strahlung alone, corresponding to the limit Zv, '/
v,'» 1. An initially monoenergetic distribution
diffuses and slows in balance so that no net gain
in kinetic energy results, Fig. 1, curve a. When
electrons reach low velocities [such that &u~„.(v)
~ 1] their loss of energy is slowed while upward
diffusion of faster particles continues, so net
absorption begins. This is the meaning of the
result that the absorption depends on f, at v =v

By the time the electrons have gained only 10'%%uo

in energy (Fig. 1, curve 5), fo is close to its
late-time form, described by a similarity solu-
tion of the form" u ' exp( —v'/5u'), with u' = 5Avo'f/

6, which is derived from Eq. (5) with g —= 1. For
this distribution, the absorption is only 459o of
what it would be if electron-electron collisions
enforced a Maxwellian distribution.

We now argue that it is possible for e-e colli-
sions to be the other principal influence on f»

I
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FIG. 1. Evolution of an initially monoenergetic dis-
tribution fp due to e-i collisions in the presence of an
oscillating field; e-e collisions are neglected corre-
sponding to large Zv0 /ve . The initial velocity, indi-
cated by the dashed line, is 5.8v~. At first, electrons
diffuse both up and down in ba1ance so that fo evolves
greatly before it gains only lucio in energy, curve a.
Thereafter, the slowest electrons cannot lose more
energy, while others continue to diffuse upward, re-
sulting in net absorption. When the energy has in-
creased by 10', curve b, f~ is close to the self-similar
solution curve c, which is normalized to the same en-
ergy as curve b. Both axes are linear. A change in
initial velocity, or in the constant A, scales the times
corresponding to curves a-c but does not alter their
shape.
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FIG. 2. Distributions corresponding to various values
of Zvg/ve, where v, 2 =— (v~) /3. These are of course
not steady state, but are distributions plotted when
Zv02/v, t decreases through specified values as the plas-
ma heats up from a much lower temperature. Zv& /v
»1 corresponds to the self-similar solution, and Zv&2/

(& 1 is Maxwellian.

in addition to inverse bremsstrahlung. First
note that vk~ip = Kv, v, =(v~/c)(n/n, )«1, i.e., the
optical depth is many mean free paths deep. If
one assumes a large temperature gradient -

w,

as if the gradient is due to nonuniform absorp-
tion, heat flow cannot greatly change the distribu-
tion more quickly than a thermal electron can
diffuse across the distance ~ '; this transit time
is v, /(KA. IP) . Thus T«/(tr anist time) —=Z(v, /
c)2(n/n, )'. This ratio will often be ( 1, so that
e-e collisions would take effect more rapidly
than heat flow. " (In fact, transport theory'"
relies on e-e collisions maintaining a near Max-
wellian. ) This estimate is weakest when applied
to superthermals. In any case, heat flow does
not replenish the slowest particles and therefore
affects absorption very little.

For n = Zv, s/v, ' = a 1, electron-electron colli-
sions alter the results only slightly. For exam-
ple, with o. =6 the absorption is still only 49'%%uo

of its Maxwellian value, and inverse bremsstrah-
lung contributes equally with electron-electron
collisions to diffusion of superthermals into the
"tail" of the distribution. With n =0.5, the dis-
tribution is still depressed and flattened near
v = 0 (Fig. 2), and absorption is reduced to 67/o
of normal. When n is only 0.05 the reduction is
12%. For any n, the reduction factor is 1 —0.553/
[1+(0.27/o. )'"]within + 0.005; see also Fig. 3.

0.4
0.01 0.1 1.0

vo/v

10 100

Full quantitative evaluation of this effect re-
quires incorporation of spatial gradients and
transport. In turn, the transport itself, and the
degree of ionization Z, are themselves affected
by these distributions. Heat conductivity and col-
lisional ionization are determined mainly by the
tail of the distribution, which is truncated here.
On the other hand, atomic recombination is ef-
fected by the slow electrons where our distribu-
tions are also deficient compared with a Max-
wellian. Enhanced ion fluctuations (above thermal
level) act similarly to the high-Z situation in
increasing the absorption rate" relative to the
e-e collision rate; therefore non-Maxwellian
distributions again result, although with a dif-
ferent dependence than discussed here. Finally,
we note that the nonlinear results in Refs. 1-4
appear not to be applicable at any intensity of
Z, because, with vc'/v, 's1, we find a much
larger effect than they do, while for v, '/v, ' & 1
the oscillating electron distribution is not even
isotropic, much less Maxwellian as they assume.
A correct treatment of this situation remains to
be done.

It is a pleasure to acknowledge valuable con-
versations with W. I. Kruer, G. B. Zimmerman,

FIG. 3. Comparison of reduction in opacity by the
nonlinear mechanisms of this paper (curve g) and of
Befs. 1—4 (curve &). The abscissa of curve & is normal-
ized to correspond to curve a for Z =1 and equal light
intensity in circular polarization. If Z & 1, curve &

would remain closer to 1. Thus, for any Z and vo /v
w1, the mechanism of this paper dominates.
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High-resolution images of suprathermal x-ray emission from laser-imploded fusion tar-
gets have been recorded. The images show the spatial distribution of the relatively cold
pusher material during the early stages of target implosion. There is evidence of an early,
asymmetric breakup of the pusher shell.

X-ray emission spectra from laser-driven fu-
sion targets commonly exhibit a suprathermal x-
ray (STX) component. ' The STX's are brems-
strahlung produced by radiative interactions be-
tween suprathermal electrons (STE's) and back-
ground plasma ions, and as such are character-
istic of a significant STE population. The physi-
cal mechanisms governing the production and
transport of STE's are vital to an understanding
of laser-driven implosions. Images of the STX
emission can provide insight into these mecha-
nisms.

This Letter reports the first high-resolution
images of the suprathermal x-ray emission from
laser-driven fusion targets. The images (1) show
the distribution of the relatively cold pusher ma-
terial during target irradiation, (2) provide evi-
dence of breakup of the pusher during the early
stages of implosion, and (3) illustrate spatial in-
homogeneities in suprathermal electron produc-

tion.
The STX imaging experiments were conducted

using the Shiva laser-target irradiation facility
at Lawrence Livermore Laboratory. This laser
system produces a twenty-beam, multiterawatt
pulse of 1.06-pm radiation. Typical pulse dura-
tion for these experiments was 90 psec, with
17-20 TW delivered to the target. The twenty
beams were focused onto the target in two oppos-
ing ten-beam clusters. The typical target was a
spherical glass microshell (o.d. -300-325 pm;
wall thickness -1.5-2.0 pm) with an equimolar
DT gas fill -2 mg/cm'. Typical target yield was
(0.5-1.0) x 10"neutrons.

High-resolution, time-integrated images of the
STX emission from these exploding pusher tar-
gets were obtained using a coded imaging tech-
nique, zone-plate coded imaging. '' The zone-
plate camera subtended a solid angle -4&&10 '
sr, had a 3-crn target-to-zone-plate distance,
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