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It is shown that in the presence of relative streaming motion, linearly polarized elec-
tromagnetic waves of frequencies below the plasma frequency can propagate across the
magnetic field. An instability criterion is given for this "modified ordinary mode. "

It is well known that in a magnetized plasma,
a linearly polarized electromagnetic wave prop-
agating across the magnetic field is unaffected by
the field and has a cutoff frequency at the plasma
frequency. ' The purpose of this Letter is to draw
attention to the fact that in the presence of rela-
tive streaming between the charged particles,
the above is no longer true. Waves with frequen-
cies below the plasma frequency can propagate
in the plasma and it is possible to arrange con-
ditions such that no low-frequency cutoff exists.
Moreover, the wave can become unstable under
appropriate conditions.

We consider here the simplest model possible:
a system composed of two identical electronic
plasmas (infinite ion mass) moving with equal
and opposite velocities +u and -u, respectively,
in the direction of the external magnetic field
B„which is taken to be the y axis. Each of the
streams has a plasma frequency &(dpe' so that the
plasma frequency of the system is ape . We con-
sider waves with propagation vector k in the x
axis. We first obtain the essential results by us-
ing the simple cold-plasma model and will sub-
sequently discuss the effect of temperature.
Looking for perturbation solutions of the form
exp[i(&ut+kx)] in the linearized cold-plasma equa-
tions (continuity, momentum, and Maxwell), we
arrive at the following dispersion relation for
linearly polarized electromagnetic waves with
electric vector in the y axis:

((u'-0 ')((u'-(u *)
k'c' = e Pe

(o'-[0 '-(u '(u'/c')]'
e Pe

where 0e is the electron gyrofrequency.
Propagation is possible only if k c is positive.

If there is no streaming, u =0 and we recover the
familiar result that the ordinary mode cannot
propagate below the plasma frequency. If there
is streaming but no magnetic field, the denomi-
nator of Eq. (l) is positive and again propagation
is possible only for co &cup, e. In the general case
in which both u and 0e are nonzero, the wave is

no longer "ordinary" since it is affected by the
magnetic field even for perpendicular propaga-
tion. We shall refer to it as the modified ordi-
nary (hereafter abbreviated as MO) mode. To
find its allowable frequencies, we consider three
separate cases. The propagation and evanescent
bands are as follows:

Case l. ape &fle i ale ~pe ~~pe & /c .

0 ~ ~' ~ ~ ' evanescent
Pe

&u
' & cu' & 0 '-&u 'u'/c', propagation;

Pe e Pe

0 '-&u u~/c' & &um & 0 ~, evanescent;

0 2 ~ co2, propagation.

Case 2. ape &Qe i i' ~pe &~'pe ~ /c .

() & &um & 0 '-&u 'u'/c', evanescent;
Pe

fl '-~ 'u'/c' & &u' &
&u ~, propagation;

2 ~ ~~ ~ 0 2, evanescent;

0 ' ~ ~', propagation.

Case 3. ape &0e,' ape «e c u .

0 & v' & 0 ~-&u 'u /cm, evanescent;
e Pe

0 ~-m ~u~/c~ & uP & 0 2, propagation;e Pe e'
0 ~ co - co , evanescent;

e Pe'

propagation.
Pe

It is seen from the above that instead of the
simple situation in which ~pe is the cutoff fre-
quency, we have bands of propagating and eva-
nescent frequencies. The most interesting fea-
ture is that propagation is possible for ~ &urpe.
Referring to case 3, we see that it is possible to
arrange conditions such that the allowable fre-
quencies extend down to zero.
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If &ape' ) (c/u)~Be~, the wave becomes unstable.
To see this, we note that Eq. (1) can be written

4-~~(O 2++ '+k'c')+k2c'
e Pe e

2Q 2 kau2~ 2 =Q
Pe e Pe

(2)

(u ')(c/u)'n '.
Pe e

' (4)

It can be shown that the maximum growth rate
occurs at k = ~ and is

((u .) = [(u(u /c)'-II ']'".
i max pe e

It should be pointed out that all of the above re-
sults carry over to the case of small deviation
from perpendicular propagation by making the
substitutions u-u sin0 and Qe —Qe sin0, where
0 is the angle between the propagation vector and
the magnetic field.

We have so far used a cold-plasma model.
Since interpenetrating beams of zero temperature
are subject to the electrostatic two-stream in-
stability for any value of the streaming velocity
u, ~' the question arises as to whether conditions
can be created under which the predictions con-
cerning the MO wave can be checked experimen-
tally. To shed light on this question, we consid-
er the effect of temperature. It is well known
that if, in the model considered, each of the
electron streams has a Maxwellian distribution
with thermal velocity v T, then the two-stream
instability occurs only if u) 1.31vT. Meanwhile,
because the stable electromagnetic waves have
phase velocities much greater than v T, their
propagation characteristics are not significantly
affected by thermal motion. Thus in order to
check the predictions concerning the stable MO
wave without exciting the two-stream instability,
one must arrange conditions such that u (1.3lv y.
This requirement can easily be realized in prac-
tice.

Using the warm-plasma equations, ' we have
also investigated the effect of temperature on the
stability criterion of the MO wave. The minimum

It is clear from (2) that a negative root for &u' ap-
pears, corresponding to an instability, when

2c20 2+ R 2Q ~-k2u2~ 3 &Q
e Pe e pe

Thus waves with infinite wave number begin to
become unstable when

value of u required for instability is found to be

u . = [U '+ c'II 2/(d 'P/ (6)
min T e pe

Thus temperature has a stabilizing effect. Fur-
thermore, if everything matches the assumptions
of the theory, it is possible to excite the MO in-
stability alone if we choose u such that [v P
+ c'Qe'/~pen]'" &u &1.31v T. In practice, howev-

er, this is a stringent condition and it is difficult
to excite the MO instability without also trigger-
ing the two-stream instability. Hence the exper-
imental test of the instability criterion is diffi-
cult. (This statement probably applies to all at-
tempts to test instability theories. ) Neverthe-
less, we venture to suggest the detection of co-
herent (nonthermal) radiation' as a possible
means of identifying the existence of the unstable
MO wave. Consider first the case B, =Q. If u

&1.31v T, theory predicts the excitation of both
the two-stream and the MO instabilities. Since
the former is a longitudinal wave in the absence
of an external magnetic field, a mechanism for
its conversion into transverse oscillations is
necessary in order to enable these waves to
propagate in free space. According to Ginzburg
and Zhelesniakov, ' this conversion is effected in
a homogeneous plasma by the interaction of the
longitudinal waves with the density fluctuation.
The conversion efficiency is small and the trans-
verse waves produced by this mechanism are
unpolarized. On the other hand, the MO wave is
a polarized electromagnetic wave and it can
propagate in free space without the need of a con-
version mechanism. Thus for the B, =0 case,
the detection of a polarized component in the di-
rection perpendicular to the stream motion is an
indication of the existence of the MO instability.

Next we apply an external magnetic field B,. If
its strength is such that the condition 1.31vT(u
&[nT +c Oem/v~e']"~ is satisfied, theory pre-
dicts the suppression of the MO instability and
only the electrostatic two-stream instability re-
mains. When this happens, the intensity of the
radiation should be significantly reduced.

In conclusion, we have exhibited an electro-
magnetic mode in streaming plasmas possessing
two interesting features: propagation across the
magnetic field below the plasma frequency and
the occurrence of instability. The character-
istics of the stable waves of this mode can be
checked experimentally under conditions easily
realized in practice. We have also suggested a
possible method for the more difficult task of
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detecting the instability. It is hoped that this Let-
ter will draw the attention of experimenters and
that the predictions reported will be subsequently
verified.
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We have used molecular-dynamic techniques on bulk crystals and particles several
atom-layers thick to study phonon behavior. It is found that the surface modes in the
small particles produce changes in the phonon spectrum quantitatively large enough to
explain the observation by Strongin and co-workers of large increases in the supercon-
ducting transition temperature of extremely thin films.

1.04(1 + x)e
D

c 1.45 A. -p~(1+0.62k)

where eD is the Debye 0, p, * is the Coulomb
pseudopotential (-0.1), and the quantity A involves
the phonon frequency spectrum and the electronic
matrix elements (approximately proportional to

Strongin and co-workers' have observed in-
creases in the transition temperature T~ of thin
composite films consisting of alternating layers
of dissimilar metals. It was estimated that the
regions of film which exhibit the greatest in-
crease in T~ are within a few monolayers of the
metal-vacuum or metal-metal surface, and it
was suggested that the increase in Tc is a conse-
quence of an increase in the electron-phonon cou-
pling which results from a lowering of the pho-
non frequencies in the ultrathin films. Strongin
et al. applied the McMillan' expression for T~ in
the form

1/(&u')M). They estimated that a frequency shift
of the McMillan average squared frequency„

{(u')M = ((u)/(1/&u),

of about 30% would account for their Al and Sn
results. This change in (&u')M could arise in sev-
eral ways: an irregular arrangement of the
atoms when first deposited on a foreign substrate,
a density decrease in the first few layers, or the
introduction of surface modes as the crystal be-
comes more two-dimensional. While all these
effects are qualitatively possible explanations, it
requires a realistic calculation to distinguish the
major effect. Using the molecular-dynamic tech-
nique to simulate the atomic motions, we have
calculated the frequency spectrum in bulk crys-
tals and small particles. We find that the low-
frequency modes in small particles result in a
change in shape of the frequency spectrum which
is mainly responsible for the large reduction in

1441


