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J, obtained from Fig. 3 can be used to calculate

n~ and the result compared with a separate mea-
surement of n~ using a calometric probe. "' Taking
measured values for 5r, A, and (1 —v, '/c'}"-,
the calometric measurement and Fig. 3 yield ~~~

= 2.4&10' cm ' and n~ =2.9&10' cm ', respective-
ly, giving agreement within an estimated experi-
mental accuracy of +30~/c,
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We present molecular-dynamics computations of the velocity autocorrelation function
and the dynamical structure factor of the classical one-component plasma. At high den-
sities, the former exhibits marked oscillations, whereas the latter consists of very
sharp peaks near the plasma frequency, up to wave vectors of order 1ja, where a is the
ion- sphere 'radius. The resulting dispersion curve is discussed.

We report here the results of a series of mo-
lecular-dynamics "experiments" on the dynami-
cal properties of the fluid phase of the classical
one-component plasma (OCP) in a uniform back-
ground of opposite charge. The work forms an

extension of previously reported Monte Carlo
computations of the equilibrium properties of the
OCP. ' Here we restrict ourselves to a discus-
sion of the velocity autocorrelation function Z(t)
and dynamical structure factor S(p, &e); results
on transverse currents and extensions to other
systems of charged particles will be reported in

a future publication.
Verlet's algorithm' was used to integrate nu-

merically the classical equations of motion of a
system of 250 ions, each with mass rn and charge

Ze. The usual periodic boundary conditions were
imposed and the forces were calculated by an
Ewald method' to account for the long range of
the Coulomb interaction. As the unit of length
we choose the ion-sphere radius a = (3/4')'",
where p is the number density, and as the unit of
time we choose the inverse plasma frequency
re~

' =m/4'(Ze)'. The configurational thermo-
dynamic properties of the OCP are uniquely de-
termined by the dimensionless parameter I
= (Ze)'/akT and the Monte Carlo calculations
have shown that the OCP crystallizes at I =155
~ 10.'

The present results are based on long molecu-
lar-dynamics runs (up to 10' time steps) at I
=0.993, I =9.7, I"=110.4, and I =152.4. The
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FIG. 1. Normalized velocity autocorrelation function
for (reading from top to bottom) I'=0.998, 9.7 and
110.4. The dot-dashed lines give the result of the ap-
proximation (1). The time unit is ~3 cu& i.

collective dynamical properties of the OCP are
expected to be strongly influenced by the plasma
oscillations. Our computer "experiments" show
that such effects are also important in the pro-
cess of self-diffusion. In Fig. 1 we show the
computed curves of Z(t) for three values of I'.
The most striking feature at the higher I values
is the appearance, at long times, of oscillations
at a frequency near &u~. The behavior of Z(t) at
short times can be analyzed by exploiting the fact
that in the case of the Coulomb potential the sec-
ond and fourth moments of Z(t) have a particular-
ly simple form. If we choose a Gaussian form
to describe the generalized friction constant, or
memory function M(t), we may incorporate three
moments exactly by writing

M(t) = ~ exp(-2J't'),

where J= Jo"r g(r) dr Results o.btained from the
approximation (1) are also shown in Fig. 1 for
the cases I"= 9.7 and 110.4, so as to make it pos-
sible to distinguish the contributions to Z(t) which
arise from the pure diffusive mode and from the
coupling of the latter to the collective modes of
the system. We see that the behavior of Z(t) at
large times may be accounted for by including
in M(t) a long-time tail oscillating at a frequency
close to u&~. At I'=9.7 the tail in M(t) represents
an additional negative friction which enhances dif-

0
02 Ql, 0-6 10 1'2 Q}

fusion, but at I"=110.4 the net frictional effect is
very much less, although the oscillations are
more pronounced and decay more slowly. In fact,
the approximation (1) leads to a diffusion coeffi-
cient D which differs by only 10% from the exact
value. Finally, at I'=0.993 we find that Eq. (1)
gives a very poor fit to Z(t), even at short times;
the predicted rate of decay is much too small.
The reason is that the series expansion of Z(t)
diverges rapidly at low I'; here M(t) is virtually
a 5 function, so that Z(t) is nearly exponential.
The striking changes which occur in Z(t) mean
that D varies rapidly with I, decreasing by a fac-
tor of approximately 300 between I"= 0.993 and
I =110.4.

%e have investigated the longitudinal density
fluctuations of the OCP by computing the dynami-
cal structure factor S(q, u) in the range 0( u/u:~

FIG. 2. Dynamical structure factor at I' = 110.4 for q
=0.619 (open circles), 1.856 (squares), and 6.187
{filled circles) as a function of u/u&. The vertical co-
ordinate is arbitrary, but identical for the three q val-
ues.
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~ 3, using the formula

S(q, ~) =(I/2~&) J
' e"'(p-, (t)p -„(0))«

= (I/2»&) lim T '
f e' 'p-„(t)dt f e ' ''p ~(t')dt'

sO ' 0

= (I/2m%) lim T 'I p-, (~')I,

where pq(t ') is the Fourier-Laplace transform of the density operator

pq(t) = Q exp[iq ~ r;(t)].
i= 1

The most striking result of our computations is the appearance of very sharp peaks in S(q, &u) for wave
vectors up to q=2a ' at I'=110.4 and 152.4. S(q, &u) is plotted for three q values, at I'=110.4, in Fig.
2. At the smallest q value compatible with the size of our system, the observed peak is extremely
sharp and centered around a frequency close to ~~; we are in the presence of a mell-defined collective
"plasmon" mode. At a q value which is roughly 3 times larger, the "plasmon" peak widens, but is
still well defined; the position of the peak is shifted by about 10% towards the lower frequencies, and

a "sidewing" develops at low frequencies. If the q value is increased by another factor of 3, the shape
of S(q, w) changes completely, and we obtain a Gaussian-like behavior, centered at the origin, which

is already close to the free-particle result.
In Table I we list the positions and approximate widths of the l.ines observed at I = 0.993, 9.7, 110.4,

and 152.4, for the five smallest q values investigated. From this table two important features emerge:
(a) For a given q value, the collective modes are more strongly damped as I' decreases, in qualitative
agreement with the predictions of a simple random-phase-approximation claculation. (b) If one plots
the frequency &u(q) of the collective mode versus q, one observes that ~(q) —co~ as q —0, as expected.
At I = 1, &u(q) increase at small q, in agreement with the well-known result from Vlasov theory. ' How-
ever, at the larger I values, v(q) is a decreasing function of q. This qualitative change in the disper-
sion curve can be analyzed more closely by setting, for ~ -0,

S(q, &. ) =A(q) exp]- [~ —&u(q)]'/a'(q)). (2)

g(q), u, (q), and o(q) are determined by the exact moments of order 0, 2, and 4 of S(q, &u).' The follow-
ing dispersion relation is obtained:

~ 4 q4 q2 q2

s r's' i gIi r ir )
where S(q) is the structure factor, and

dr, , sinqr 3 aasqr 3 sinar)+

In the limit of small q, this yields, to order q',

~'(q) = ~ '[I —q'( —,'5+ 2
i. '+ ~2,r 'V/tquT )], (4)

where U/NkT is the configurational energy per

! particle, divided by kT, and & is the coefficient
of the q' term in the small-q expansion of S(q):

S(q) = (q /3 I')(1 + 6q ).

TABLE I. Frequency ~(q} and width 0(q} (both in units of ~&} of the
~(q, ~}"plasrnon" peaks, for five values of q (in units of a ~} and four val-
ues of I .

0.998 9.7 110.4

0.619
0.875
1.383
1,856
2.315

1.28 0.14
1.35 0.26
1.42

1.
0.985
0.97
0.94
0.86

0.05 0.99
0.08 0.98
0 ~ 12 0.94
0.24 0.90

0 80

- 0.01
0.02
0.08
0.05
0.24

0.99
0.975
0.935
0.89
0.80

~ 0.01
0.01
0.02
0.08
0.15
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The corresponding linewidth is given by

a'(q) =q'(25+ 2I' '+ ~51' 'IJ(NkT)u~'

Both U/NkT and 5 are known from the computa-
tions of equilibrium properties. ' U/NkT is al-
ways negative; 6 is negative at 1"=1, but be-
comes positive beyond I"=3. Thus the coeffi-
cient of q' in (4) turns out to be positive for I

3, and negative at higher 1", in agreement with
our observations. The high-1 dispersion curve
is not unlike the "optical" (longitudinal) phonon
branch in the crystalline OCP. ' This suggests
that at high I' "shearing" modes, related to the
transverse motions, become important. This
point is presently under investigation.
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%'e present the first direct spectroscopic study of electrons bound in image-potential-
induced surface states outside liquid helium. %'e have observed absorption lines which
show the expected linear Stark effect in the presence of an electric field. Zero-field
splittings extrapolated from the data are 125.9 and 148.6 GHz for electronic transitions
from the ground state to the first two excited states in the image-potential well.

The potential energy of an electron outside liq-
uid helium is composed of two parts: (1) a long-
range classical image potential, and (2) a, short-
range repulsive barrier at the surface. The lat-
ter is basically due to the exclusion principle,
which forces the wave function of an extra elec-
tron to be orthogonal to those of the two electrons
already present on each helium atom. The pos-
sibility that such a potential could cause surface
states outside liquid helium was first noted by
Sommer. ' The idea was independently developed
and further elaborated a few years later by Cole
and Cohen, 2 and by Shikin. ~ Initial experimental
investigations designed to measure the mobility'
and lifetime' were apparently refuted by Oster-
meier and Schwarz. ' However, a cyclotron-res-
onance study by Brown and Grimes' showed the
existence of surface states but gave no informa-

tion about the potential. We are now presenting
a direct spectroscopic study which shows conclu-
sive1y the presence of an image-potential-induced
surface state which displays a first-order linear
Stark effect. In addition we are able to study the
behavior of the image potential at the liquid-he-
lium surface.

Our experiment consists of observing the ab-
sorption of microwave radiation by electrons on
the surface of liquid helium. This is accom-
plished by tuning the splitting between the eigen-
states in the image-potential well with an electric
field until it is in resonance with our applied fre-
quency. Observations are made at various ap-
plied frequencies and the unperturbed resonant
frequencies are deduced by extrapolation to zero
electric field.

We shall now briefly review the simple theory
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