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diation reaction'), v —u, ~-10' sec ' (i.e. , n,- 10"cm ') and eE,/m, cu& - 10 ' (i.e. , incident
radiation power density - 10"W/cm' or E,- 3
x 10' V/cm), and E, (s =0) is therefore of the or-
der 10 'E, -300 V/cm. If the close Coulomb col-
lision rate is larger than the effective collision
frequency because of the radiation reaction, we
have to take into account the former contribution,
thus v, (™+&lnA/A, where A is the number of
electrons in a Debye sphere) may be several or-
ders' higher than 3.0' sec ', depending on the tem-
perature and the density of the plasma. For in™
stance) if v, -10"sec"' and co —cgp-10" sec"'
while e and eEo/rn, c~ remain the same as be-
fore, we have E,- 3x 10' V/cm. Note that this
dc longitudinal electric field exactly cancels the
effect of the forward Lorentz force, rendering
the electrons with only transverse motions. As
a result, there mould be no Doppler shift of the
wave frequency and, furthermore, the evaluation
of the radiation losses can be made in a way sim-
ilar to that used by Steiger and Woods, ' since
now each electron is exactly circulating in a
plane.

Finally, we want to discuss why it is appropri-
ate to assume v, =0, an assumption which is cru-
cial in reaching the dc longitudinal electric field.
One may wonder, although a net forward motion
is prohibited by the induced return force, if there
are longitudinal oscillations of the electrons. To
answer this, let us consider a circularly polar-
ized plane radiation propagating towards a bound-
ed electronic cold plasma. The front part or the
amplitude-increasing part of the radiation which

corresponds to the rise of the laser intensity wil&

first interact with the plasma. The portion of the
plasma which interacts mith this front part will
experience a forward force which is proportional
to the rate of change of the intensity. ' This force
vanishes whenever the front part passes through.
However, there is another forward force which
is the Lorentz force mentioned in the very begin-
ning of this article. The second force is propor-
tional to the intensity and is always present with
the radiation. If the intensity of the incident ra-
diation increases smoothly from zero to a final
constant value in such a way that the rise time is
much longer than the inverse of the plasma fre-
quency, we should expect that the total forward
force does not induce longitudinal oscillations;
this is in analogy to the case of a spring being
stretched down by gradual adding of small weights.
On the other hand, if the rise time is not suffi-
ciently long, we should expect transient longi-
tudinal oscillations which die out in a time of the
order of the inverse of the effective collision fre-
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A collision-dominated inhomogeneous plasma seeded with a distribution of impurity
grains is calculated to fill out rapidly with random megagauss fields for temperatures of
about a kilovolt. Possible applications of this phenomenon (i) to enhance relativistic-
electron-beam coupling to low-& target plasmas, (ii) to inQuence transport coefficients,
or (iii) to localize O. -particle deposition in a reacting DT plasma are discussed.

It was recently shown" that spatial fluctuations
in the chemical composition of a dense plasma
give rise to "frozen-in" electron density fluctua-
tions, ~K„which in turn are expected to produce
megagauss field fluctuations, 6B. These fields
derive from a source term V KV, x V'T, where VT

is the background temperature gradient. " This
phenomenon may provide a controlled way of

seeding magnetic turbulence with a predetermined
0 spectrum in plasmas in the solid-state density
range produced by relativistic electron beams
(REB's), ion beams, or lasers. In this Letter I
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first derive a more general solution for the de-
velopment of a seeded-turbulence spectrum and
then discuss several applications.

Consider a rapidly heated grainy plasma for
which T(&) is a given function of time [T(t) derives
either from local heating or from traversal by
a thermal wave, etc.]. As T increases, magnetic

~

flux is produced and diffuses within the plasma.
Simultaneously (once T exceeds a few keV) ion
diffusive mixing occurs and removes the source,
after which the field tends to persist because of
the high plasma conductivity. The Fourier com-
ponent, &8„, of the field is derived from 6N, ~ by
a generalization of Eq. (1) in Ref. 1,

6B 1
k x+7 er

where the characteristic field (or decay) time, Ys, and grain mixing time, v~, are

I, Za Zr lnA m
vs=4mr/c~k =7.8&&10"2T"'/Zk lnA,

where N, =4.5X10"cm ', T is in keV, Z„and Z, are the heavy- and light-ion charges, N„ is the
heavy-ion number density in the heavy-ion regions in the unmixed plasma state, (N, ) is the space-
averaged electron density, and VT is the locally constant temperature gradient. On the composition
fluctuation scale, local pressure equilibrium is assumed between unmixed regions, i.e. , N, (l+Z, )
=N„(l+z„).

Now assuming that 6B„(t=0) =0, and choosing for example a heating model

T =T,(f/f, P',
Eq. (1) gives

ick DN~& ~ t + &~~~0 3tk x +To t CfXX eXp — Xe (N) ' t, «~0
(4)

where R = t, /v. ~, with T~, = v~ (T,), and 7„,=~„(T,).
The behavior of 5B~= l6B~l is shown in Fig. 1. It increases as t' ~ until reaching a maximum (by

which time the source has mixed away), after which it decays slowly as t ". This maximum is approx-
imately

5N ' l t Qr, Zr mr - NI,
' lnA 532x 10" Zto lnA

ih, max (N) T 9/1 I ~ N 7 T ~ I 7

and is reached in a time

where to and t„are in nanoseconds, lnA/7= 1,
To is in keV, and I have introduced a characteris-
tic grain-size scale 1 and temperature-gradient
scale l&, where l=m/k and lr=T, /l&T, l.

The a,mplitude of the "initial" electron density
fluctuations to be used in (5) can be shown' to be

SB
k, max ~T{t)

=SB
k

(0.5-10.6-~I) lz, -z,
l

(N, ) Z, (1 —a) (1+Z„)+az„(1+Z,) '

where a is the volume fraction occupied by heavy-
ion plasma in the unmixed state. We also note
that the space-averaged ion density, (N~), is re-
lated to the ion density, N&, in the heavy regions
by

N„=(N,.)[n'"+ (1 —n) (1+z„)/(1+z,)]-'.

tfdtlrM-
source &Nee o

FIG. 1. Time dependence of a field Fourier ampli-
tude, BB&, for a given plasma heating model, T(t).
The fieM reaches a maximum as the electron-density-
fluctuation source mixes away.
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laser
deposition
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FIG. 2. Variation of electron density, N„ tempera-
ture, T, and field fluctuation energy density produced
by a laser pulse incident on a grainy target. The field
originates in the thermal wave beyond the critical
depth, x .

FIG. 8. Field fluctuations produced by a grainy plas-
ma in a thermal gradient. The field flux loops lie in
planes perpendicular to VT and their spatial distribu-
tion varies in the V'T direction, so that they overlap to
form a dense barrier.

A typical laser-driven implosion profile is
shown in Fig. 2. A thermal wave penetrates
ahead of the critical depth, which moves in as
material is ablated. Suppose that the ablator
plasma consists of a 50-50 C-Li mixture with a
grain scale i=10 ' cm, and that the thermal wave
has a thickness l2 = 10 ' cm and moves in at 10'
cm sec '. Plasma traversed by this wave ex-
periences a temperature increase to -10 keV in
to=1 nsec before being ejected. For these num-
bers Eqs. (5) and (6) give

Va„,„=2.2 x 1O'(N„/N, )"',
and

t =1. (4N& N/, )'" nsec;

i.e., fields above a megagauss would be reached
in the thermal-wave transit time, even for N„/N,
=10 '. This creates a layer of dense overlapping
flux loops with &B in planes perpendicular to the
radial direction, VT (Fig. 3).

Now an REB pulse incident on this layer would

encounter a barrier against penetration into the
pellet interior (as would suprathermal electrons
generated at the laser critical depth). An ener-
getic electron in the layer has an anisotropic

scattering mean free path, '

2 +B +B
3~m ln(2xs/1) l cos'8 '

where rB is its cyclotron radius in the field
(M')'", and 8 is the angle between VT and the
electron velocity. After partial radial diffusion
into the layer, electrons tend to be trapped (note
the cos'8 factor) and deposit their energy in
shells perpendicular to VT (VT is in the pellet's
radial direction, x).

This suggests the possibility of a hybrid REB-
laser compression scheme in which a laser pulse
(with its high deposition power density) first cre-
ates the thermal wave needed to produce the field
layer, so that an REB pulse can then couple into
(and maintain) the layer through its enhanced de-
position power density.

Thermal conductivity is reduced by the field
fluctuations and would tend to result in steeper
thermal fronts (e.g. , beyond the laser critical
depth). Regarding 6B as a random field in planes
perpendicular to VT (Fig. 3), and averaging, we
find that only the heat flux along &7.' survives and
is (q) = —(K„)VT. Using Braginskii's notation
for the thermal conductivity K~, and assuming
a Gaussian field-magnitude distribution, gives
for the averaged conductivity

(10)

where 2y,-, = &, + (&,' —46,)'", x, = T,e(M')'"/mc,
and the approximation is for xo» 1.

If fields were created in the fuel region of a
pellet capable of scattering 3.5-MeV e particles
sufficiently to localize their energy deposition,

the resulting critical ignition radius would be re-
duced for a given density, N&T. This occurs be-
cause the minimum radius for ignition (at the
minimum of rNDr as a function of T) is of the or-
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der of the o.-particle mean free path at the igni-
tion temperature.

To examine this consider a grainy DT-Li mix-
ture with the Li fraction, n, small so that ~&N, /
(N, ) I

= n/2 (for n & 6, Li bremsstrahlung also be-
comes small). The growth of 5B in the course of
ignition of a spherical region of compressed ra-
dius r and density (N;) =NDT can be estimated
from (5) by choosing the temperature scale lr= r,
grain scale l =r/10, To= 20 kev, and the inertial
time for the field growth, to= r/v, =10r nsec.
This gives

Q3, ~,„=4.2x10'nr '"((N&)/N, )'".
Noting that the o.-particle cyclotron radius x~ is
2.7 x10'/6B, and writing for the compressed den-
sity (Nq)/N, = (ro/r), where ro is the initial igni
tion sphere -radius (which may be less than the
initial fuel radius), gives

r a/r = (0 64/n. r "')(r/r, )"'
and

For a=0.25, ~0=5&&10 ' cm, and a compres-
sion /rr c0 1, we. find r„/r=0. 94 and t /to=2. 98.
The situation is borderline in that 6B is not quite
strong enough to retain e particles in the ignition
sphere. Note however that the above fields may

be underestimated because I did not include the
effect of compressional amplification' of 6B's in
the last stages of compression, so that this ap-
plication can not be ruled out. A more complete
analysis of these effects will be given later.
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7& is the time for a light ion to diffuse a composition

fluctuation scale length l = w/k. The formula applies
provided E exceeds the light-ion mean free path, 3.7
xlP 4T2(N /Nq)/ZI, Zi lnA.
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Neutron-inelastic-scattering measurements have been performed on liquid La, Ce, and
Pr. The results demonstrate that a well-defined "crystal field" exists in liquid rare-
earth metals and that the scattering can. be understood if it is assumed that the crystal-
field potential is uniaxial.

Recently, experimental and theoretical evi-
dence has been presented that the "crystal field"—the electric field due to the ions surrounding
each atom —is well defined in amorphous metals
and alloys. ' In model calculations' it was as-
sumed that the dominant term of the crystal-field
potential in the amorphous alloys is uniaxial,
i.e. , of the form

V =-DJ

where D is the axial crystal-field strength, and
the direction z varies randomly from atom to
atom in the material. Amorphous materials are
topologically disordered, but measured radial
distribution functions' support the simple picture
of a dense random packing of atomic spheres as
in liquids. This analogy suggests that the crys-
tal field might also exist in liquid metals and al-
loys. Elastic -neutron- scattering measurements
on liquid La and Ce~"' have indeed shown that the
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