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Hydrodynamic and molecular-dynamics calculations show that the charge fluctuations in
a strongly coupled H+-He++ mixture are dominated by a propagating plasmon mode which
is damped by interdiffusion even in the long-wavelength limit. A sum-rule argument indi-
cating that the plasmon dispersion changes from positive to negative as the coupling in-
creases is consistent with both kinetic theory and the computer results. Plasma oscilla-
tions also contribute weakly to the mass fluctuations, but there is no hydrodynamic sound-
wave mode.

(o, = (4'pZ'e'/M~)'l' (2)

with Z=x,Z, +x,Z, and M=x,M, +xpS, . The quan-
tities of primary interest are the autocorrelation
functions of the densities of charge (A =Z) and
mass (A=M), i.e,

F „(q, t) = (1/NA )(p„(q, t)p„(-q, 0)),

The system we consider is that of a fluid mix-
ture of two species of positively charged ions, of
charges Z,e and Z,e and masses M, and M„ im-
mersed in a uniform, rigid, neutralizing back-
ground of degenerate electrons, in a range of
temperature and density such that the ions can
be treated classically. This is a natural general-
ization of the widely studied classical one-com-
ponent plasma (OCP); for convenience we shall
therefore refer to the binary mixture as a two-
component plasma (TCP). The static properties
of the TCP are by now accurately known' and for
given values of Z, and Z, they depend on only two
variables, the concentration x, =N, /N (where N
=Ã, +N, is the total number of ions) and the di-
mensionless coupling parameter

I'=e'/aksT, (l)
where a= (3/4mp)'l' is the ion-sphere radius, p
=N//V being the total number density.

In this Letter we report the results of a study
of the time-dependent fluctuations in charge and
mass densities in a strongly coupled TCP by
(i) a hydrodynamic calculation and (ii) a molecu-
lar-dynamics (MD) "experiment, " adopting as the
unit of time the inverse of the plasma frequency

where q =ak is a dimensionless wave vector and

p„(q, t) = QA, exp[-iq r,.(t)]. (4)

where p„ is the mass density, v is the velocity,
P is the pressure, o 8' is the dissipative part of
the stress tensor, and E, the electric field, is
related to the charge density ep~ by Poisson's
equation; the last term on the right-hand side

The spectra of fluctuations in the densities are
described by the Fourier transforms

S»(q, &u) = (1/2s) J F»(q, t) exp(isn't) dt (

with frequency moments defined as

'to» "(q) =J N S»(q K) d ~

To obtain information on the character of mass
and charge fluctuations in the long-wavelength,
low-frequency limit we have computed the power
spectra (5) by solving the linearized hydrodynam-
ic equations for ps(q, t) and p„(q, t), averaging
over initial conditions in the framework of ther-
modynamic fluctuation theory. Similar calcula-
tions have previously been reported for the OCP'
and for binary molten salts. '4 The hydrodynam-
ic equations expressing conservation of charge,
mass, momentum, and energy are, in fact, iden-
tical to those applying in the latter case, but the
process of linea~izing the Navier-Stokes equation
now leads to a different result. The n component
(a =x, y, s) of the Navier-Stokes equation for
charged systems has the general form

8 ~ 8P 80~ g
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represents the contribution from the electric
force. If we write p~ =p~ +tIp~, where p~ =NZ/
V is the equilibrium density of mobile charge
carriers, it is clear that E is of order 6p~. A
molten salt is characterized by the fact that p~'
=0. Thus the electric-force term in (7) is pro-
portional to (6p~)' and disappears upon lineariza-
tion. In the case of the TCP, however, the mo-
bile charge carriers are all of the same sign and-
p~' is nonzero; the electric force is therefore
linear in 5p~, a result true also of the OCP.

Omitting the technical details, we now summa-
rize the main findings of the hydrodynamic cal-
culation. The determinant of the hydrodynamic
matrix has two zeros at imaginary frequencies,
corresponding to nonpropagating modes linked to
interdiffusion and thermal diffusion, and two at
a pair of complex conjugate frequencies, corre-
sponding to damped, propagating plasmon modes.
The diffusive poles contribute two Lorentzians of
height O(q') and width O(q') to the normalized
charge fluctuation spectrum o»(q, u&) =S~ (q, +)/
S»(q), where S»(q) = co»'(q) is the static charge
structure factor. The contribution to o~~(q, ~)
coming from the plasmon poles, for ~&0 and q

Oq is

2(d Q)~
o (q, (u) =——, ,),

'

where ~„=4me e, with n the interdiffusion coeffi-
cient. ' These results differ in two main respects
from those obtained for the OCP. First, although
in both systems the plasmon mode dominates in
the hydrodynamic bmit, the plasmon peak in the
TCP, unlike that in the OCP, remains of finite
width and height (- q') as q- 0. Second, the ratio

of the plasmon-peak height to the height of the
central peak is O(q ') in the OCP but O(q') in the
TCP. This opens up the possibility of observing
-the diffusive contribution to the charge spectrum
in a MD experiment on the TCP, whereas the
central peak has proved undetectable in similar
calculations for the OCP. ' It should be noted that
the plasmon mode is not a genuine hydrodynamic
mode' since it has a finite lifetime and nonzero
frequency in the limit q- 0. As in the case of
the OCP, ' however, the plasma frequency is
small compared to the collision frequency in the
strong-coupling limit (I'» 1) and the assumption
of local thermodynamic equilibrium should be
well satisfied.

By contrast, the normalized mass fluctuation
spectrum 0»(q, ~) is made up of a dominant cen-
tral peak of height O(q ') and width O(q'), stem-
ming from the imaginary poles associated with
interdiffusion and thermal diffusion, and two
weak plasmon peaks centered at + co~, of height
O(q') and width O(q ). The integrated intensity of
the latter is therefore negligible compared to that
of the central peak in the limit q- 0, a behavior
which is the exact opposite of that seen in v~~(q,
~). There is no mode corresponding to a propa-
gating sound wave.

In order to check the extent to which these find-
ings are applicable at shorter wavelengths, we
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FIG. 1. Spectrum of charge-density fluctuations ob-
served in a MD experiment on a H+-He++ mixture at
F=40. From left to right and top to bottom: q =0.6187,
0.8750, 1.3835, and 1.8562.
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FIG. 2. Mass-density autocorrelation function for
q =0.6187 observed in a MD experiment on a H+-H++
mixture at I"=40. The data have been normalized to
unity at t =0.
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~ (q-0) =1.07~~, somewhat above the hydrody-
namic result, ~ (q-0)=1'�)cf.Eq. (8)]; a simi-
lar extrapolation of the peak width yields, via
(8), the estimate co, =0.086&v~.

An approximate dispersion relation [&u (q) as
function of q] for the plasmon mode can be based
on the q dependence of the second and fourth mo-
ments of S»(q, &u), which in turn can be expressed
in terms of the three partial pair distribution
functions g,„(r) (v, p =1, 2). A straightforward
calculation yields

~.'(q) = ~„'(q)/~„'(q)
= co '(0) +6q'+ O(q~),

have carried out an extensive MD calculation on
a strongly coupled (I'=40) mixture of 125 H' and
125 He" ions in a periodically repeating cubic
cell. Some of our results are displayed in Figs.
1 and 2.

Figure 1 shows the charge spectrum v»(q, ~)
at four values of q, including the smallest com-
patible with the periodic boundary condition.
Qualitatively the shape of the spectra agree well
with the predictions of hydrodynamics: There is
a sharp central peak and a broader peak centered
near ~~, the latter being dominant at small q.
The position of the maximum in the plasmon peak
shows a negative dispersion; i.e., it shifts to
lower frequencies with increasing q. Extrapolat-
ing to infinite wavelength we find a peak position

with

,(0)/, (x,z,'/m, + x222'/m2)'+ —,'x,x~,z2(z, /m, —z2/m2)'
m P x,z, '/m, + x,z,'/m,

(pZ2/ 2) x1z 1 /m, ' + x&2'/m2' + T2+ „p„x„x„G„„(s„z„/m „m & )
xi~1 / 1+x2~2 /m2

(10)

where z„=Z„/Z, m„=M„/M, and

G„„=J, tg„„(r)—1]rdr (12)

with r in units of a. For x, =x, = —', we find ~„(0)
=1.076&de (independent of I'!), in remarkably good
agreement with the extrapolation of the MD re-
sults. Using the g„„(r)reported previously, ' we
find that 5 becomes negative for I'~ 1, implying
that the dispersion changes from positive to nega-
tive. A similar result applies for the OCP. '

The MD results on o»(q, ~) show that the spec-
trum is essentially broad and featureless, with
a peak at ~ =0; any structure which may exist
near the plasma frequency is undetectable above
the noise. However, a detailed analysis of the
mass autocorrelation function F»(q, t) shows
that the short-time behavior at small q consists
of a weak oscillation at roughly the plasma fre-
quency superimposed on a slow monotonic decay;
an example is plotted in Fig. 2. The oscillations
correspond to the weak plasmon peak in o»(q, co),
a feature predicted by the hydrodynamic calcula-
tion.

It is instructive to compare the hydrodynamic
and MD results with those obtained in the kinetic
regime or weak-coupling limit, i.e., I «1. The
charge response function, related to vx2(q, ru) by
the fluctuation-dissipation theorem, can easily
be obtained by solving the coupled, linearized
Vlasov equations for the one-particle distribution

functions of the two species of ions. In this ap-
proximation the spectrum v»(q, &o) reduces to a
5 function in the limit q- 0, with a dispersion
relation given by

(d '(q) =02'+dq',

with d&0 and

Qq =4mpe (x,Z, /M, +x2Z /M2). (14)

~~~Equipe associe au Centre National de la Recherche

Thus the dispersion is positive, in agreement
with (9), and in the long-wavelength limit the
plasmon peak is shifted to Q~, i.e., a frequency
greater than the natural plasma frequency, in
agreement with (10). In fact, for the H'-He"
mixture with x, =x2=2, 0~=1.054m~. This is sim-
ilar to the shift observed in the MD experiment,
though at 1"=40 we are very far from the kinetic
regime. The hydrodynamic calculation is in other
respects in satisfactory agreement with the MD
results, but it fails to predict any such shift.
Clearly it would be of interest to extend the MD
experiment to lower values of I; and we sh'all

report on such calculations elsewhere.
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Fast-ion Generation by Ion-Acoustic Turbulence in Spherical Laser Plasmas
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Numerical hydrodynamic simulations which include absorption and transport modifica-
tions dUe to ion-acoustic turbulence have been performed. These simulations can re-
produce the important features of the fast-ion velocity distributions as measured with
biased charge collectors and a magnetic spectrograph in spherically illuminated micro-
balloon experiments. Experiments with hemispherical targets show that a substantial
amount of fast-ion energy is directed inward and may contribute to driving the implosion.

Measurements of ion expansion energy from la-
ser-heated plasmas show an anomalous fast-ion
component. ' Charge collectors biased to record
ion current as a function of time show that in a
typical experiment approximately half of the ab-
sorbed energy resides in only a few percent of
the target mass. ' This result implies that the ab-
sorbed energy is being coupled into a very thin
layer at the target surface. This mode of coup-
ling leads to poor momentum transfer between
the expanding plasma and the compressed region
of the pellet and could place a fundamental limita-
tion on the efficiency of laser-driven ablative
compression.

Figure 1 presents data from two instruments
used to obtain the ion velocity distribution. The
target for this laser shot was a 54-pm-diam
spherica1 glass shell with 0.8-pm wall thickness
filled with 10 atm of DT gas mixture. The laser
energy on the target was 21 J at 1.06-pm wave-
length in a 70-psec flat pulse. A lens-ellipsoidal-
mirror illumination system provided near-nor-
mal illumination of the pellet. '

Figure l(a) shows the voltage trace from a con-
ventional charge collector. The initial sharp
spike is produced by photoelectron emission from
the collector surface due to the ultraviolet and
x-ray flash when the laser pulse hits the target.
The second peak results from the fast ions, and
the broad feature represents the arrival of the
bulk of the ionized target material. Using pre-
viously measured values for the mean ionic
charge and secondary-emission coefficient, this
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FIG. l. (a) Oscilloscope voltage trace from a biased
charge collector. (b) Composite ion-velocity spectrum
from a charge collector and ion spectrograph.

voltage trace can be converted into an ion-veloc-
ity spectrum. Because of uncertainty in the sec-
ondary-emission correction, the velocity spec-
trum above 2&& 10' cm/sec is obtained with a
small magnetic spectrograph which uses cellu-
lose nitrate foils as detectors. '

Figure 1(b) shows the ion-velocity spectrum.
At high velocities, the spectrum is adequately
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