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Propagation of electromagnetic waves in a large plasma reveals that refraction effects
are much more siginificant than the amplitude swelling commonly predicted from the re-
duction in group velocity. Near electromagnetic wave cutoff, direct conversion into
short-wavelength electron plasma waves is observed. Strong resonant enhancement of
the electric field parallel to the density gradient is measured.

Recently considerable attention has been fo-
cused' on the propagation of electromagnetic
(EM} waves in nonuniform plasmas near the cut-
off region where the incident frequency ~ is close
to the local electron plasma frequency ~~. Near
cutoff the conversion' to large-amplitude electro-
static (ES) electron plasma waves of short wave-
lengths can take place, which can effectively
transfer energy to plasma particles. The basic
understanding of these processes is crucial to
the study of laser-plasma interactions as well as
the large-scale modification of the ionosphere by
EM waves. In this paper, we present experimen-
tal data on such processes obtained in a plasma
whose dimensions are much larger than the free-
space EM wavelength. Measurements of the elec-
tric field reveal approximately a 60 dB enhance-
ment of the ES fields over the evanescent EM
field at regions near the critical density, r ~(s,)

0

The experiment is performed in a space cham-
ber' of approximately 2 m diameter and 4 m
length in which a quiescent, steady-state, mag-
netic-field-free plasma is produced by a dc dis-
charge in argon at 10 ' Torr. The plasma is con-
tained by multimirror confinement with 10 000

permanent magnets at the interior chamber
walls. ' An axial density gradient (1 &n, /I Vn, l

& 10 m) is produced by generating the plasma
preferentially near one end of the device and by
adjusting the mean free path with neutral pres-
sure; radial gradients are avoided by azimuthally
symmetric plasma generation and gas feeds. S-
band microwaves (f =2 000 MHz, A, —= 15 cm) are
launched from antennas' at the low-density end of
the device and propagate in the direction of the
density gradient toward cutoff, ~= co~. In order
to reduce multiple reflection the chamber walls
are partly covered with microwave absorbers
(fine-wire steel wool}. The diagnostics consist
of axially and radially motor-driven probes with
a shielded coaxial magnetic loop for detection of
EM waves [H(r, f)], a coaxially fed short-wire
dipole antenna for detecting electric fields [E(r,
t)j, plane Langmuir probes for determining n, (r)
and k T, , and a nonlinear scattering dipole for
absolute EM field-strength measurements. '

The axial density profile and the typical elec-
tric field pattern of the EM wave are shown in
Figs. 1(a) and 1(b). Effective free-space propa. —

gation measurements in the far-field region have
been achieved by propagating fast-rise, phase-
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coherent EM wave bursts and sampling the fields
just after the arrival of the fastest wave train
corresponding to the straight-line propagation
path. Subsequent bursts due to mulitple wall re-
flections have sufficient time delay on account of
the large plasma size and do not interfere with
the measurement of the main pu1.se. The ampli-

FIG. 1. (a) Axial electron density profile. (b) Spatial
dependence of the radial electromagnetic field E„(z)
x coal ~t f k(z)z I, III&q =const. Dashed line is the theo-
retical amplitude decay using a three-dimensional ray-
tracing program which includes the change in the re-
fractive index. (c) Measured spatial dependence of
phase velocity, f'rom {b), and group velocity, from
Fig. 2(b). (d) Amplitude and phase of the radial electric
field sampled at the same time t& at different axial po-
sitions. Phase behavior shows the transition from a
propagating pattern (z «z,) to a standing-wave pattern
(z= z,).

tude pattern [Fig. 1(b)] clea.rly shows the increase
in wavelength with density and a cutoff at z = z,
where ~~(z, ) = cu. The direction of propagation of
the EM wave is determined from the phasor plot
shown in Fig. 1(d), displaying lE„(z)exp[i(et,
—kz)] at different axial positions. These data are
taken with a sampling oscilloscope (two channels,
90' phase shift) triggered at a fixed time f„near
the front edge of the EM pulse. The phasor plot
shows that the wave propagates towards the cut-
off location where wave reflection gives rise to
a standing-wave pattern. The unique size of this
laboratory plasma also permits the measurement
of the group velocity v, = &&a/&k, as indicated in

Figs. 2(a} and 2(b). As the wave approaches cut-
off v, decreases while the phase velocity increas-
es, in agreement with the theoretical prediction

v, (z) = c'/v p„(z) = c[1 —u, '(z)/&u']'".

see Fig. 1(c).
The conservation of energy flux (v E'A = const,

where E is the electric field and A is the illumi-
nated area) implies that the reduction in group
velocity gives rise to amplitude swelling as in
the usual plane-wave treatment. However, for
our divergent beam, refraction causes a strong
increase in illuminated area A with increasing
distance as a result of the decreasing refractive
index 7)(z) = [1 —~~'(z)/uP]'". ' The net result is
an overall reduction in the EM field amplitude
near the plasma cutoff as supported by a ray-
tracing calculation which includes these two ef-
fects [dashed line in Fig. 1(b}]. Further direct
evidence for wave refraction is obtained from
measurements of the EM field polarization':
Near the source the electric field points in the
radial direction; near cutoff it rotates by ~g
~ 40' toward the axis.

The oblique incidence of the EM wave gives
rise to an axial electric field E, sin6, where 6

is the angle between the density gradient n, '

(= &n, /8 )aznd the propagation vector of the EM
wave. This field is enhanced near z, according
to the following equation derived from the fluid
equations and Poisson's equation:

e(z)E, = k D,'E, sin&,

where

8 plo 8
2 (dp (z) 1ve(z)=, — —+k ' 1 — +-az' r&, ez

is a differential operator representing the plasma
resonance in a nonuniform plasma in analogy to
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FIG. 2. Time-of-Qight measurements with fast-rise phase-coherent microwave bursts. %ave-packet envelope
propagates (a) with speed of light (arrow marked "c") in vacuum, (b) with group velocity u~ & c (arrow marked "v ")
in the plasma. The applied signal in tb) is larger than in (a). Note in (b) the strong decreases in amplitude near
cutoff due to plasma refraction effects.

the usual plasma dielectric function in a uniform
plasma, and ko, '=v'ni, /3al;. The first term of
e(z) represents the propagation of the ES field;
the second term, originating from the ambipolar
field E„=(KI,/en, )Vn„causes spatial damping
in the direction of —V~~0; the third term stands
for the cold-plasma dielectric effect, with v

being the electron-ion collision frequency. The
density gradient allows charge accumulations to
occur under this enhanced driving field E„and
density oscillations 6n are excited according to
the following equation [derived from Eq. (1) by
differentiating it with respect to z, neglecting
second-order terms and the spatial dependence
ofs, ]:

a(z) 6n = —(e/3KT, }E,Bn, /Bz, (2)

where the source term on the right-hand side de-
scribes the high-frequency density perturbation
created by the oscillating field E, in the presence
of the density gradient. Of course, E, and 5n are
coupled via Poisson's equation and mutually en-
hance each other.

In the limit of a gentle density gradient, inspec-
tion of Eqs. (1) and (2) shows that the total field
E is optimally enhanced from the incident EM
field by the factor u;/v near the resonant location

z„where the wavelength of the EM excitation
field E, is most closely matched to the excited
ES field. At this resonant location electron plas-
ma waves are excited and propagate down the
density gradient (- Vn, direction} since the "up-
hill" propagation (+ Vn, ) is prohibited by the plas-
ma cutoff. Inspection of e(z) shows that the ex-
cited ES waves should have shorter and shorter
wavelengths as they propagate down the density
gradient, as given by the approximate relation
k' =k n, '[I —(s~'(z)/& '].

Probe measurements are performed off the
axis (r&0) where the EM wave is obliquie to the
density gradient. %e observe that the cutoff oc-
curs at ze &z„approximately where ~~(ze)
= i cos 6l. Associated with the axial electric field
we find with a thin-wire probe (0.1 mm) electron
plasma waves of short wavelengths in the region
between EM wave cutoff (ze} and z, . A typical
interferometer trace is shown in Fig. 3(a}. A

phasor plot similar to Fig. 1(d) reveals that the
oscillation is a standing wave near resonance z„
but for z & z, it goes over into a wave propagating
in the —Vn, direction. The spatial dependence of
the wave number k(z) shown in Fig. 3(c) agrees
with the WEB approximation )F(z) = [u, ' —u. ~'(z)]/
(3zT, /nt„) in the region well below the resonance
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FIG. 3. (a) Receiver-probe signal versus position be-
yond EN wave cutoff at oblique incidence showing exci-
tation of short-wavelength ES electron plasma waves.
{b) Relative ES wave amplitude versus density-gradient
scale length L. Normalized plasma frequency (Bohm-
Gross) deduced from measured wave number &(z) agrees
with that obtained from direct measurement of axial
densities except for locations very close to the reso-
nance.

where the approximation holds. The measured
density profile which is linear over the short
propagation distance has the same gradient scale
length as inferred from the measurements of the
wave number. The measured dependence of the
linearly converted waves as a function of the den-
sity-gradient scale length is shown in Fig. 3(b).
In the present parameter region we find that the
conversion from EM to ES waves is more effi-
cient at steeper density gradients. '

In order to avoid perturbations by the probe on
the ES wave a remote method is devised for esti-
mating the resonant ES wave amplitudes. The
method is based on the ponderomotive force, '
V((E')/8z), which expels electrons from the reso-
nant region. Ions follow so as to preserve space-
charge neutrality, resulting in a density perturba-
tion ~ in the resonant region given by ~/n,

'E/8 n,a~1,. After turnoff of a pulsed incident
EM wave the associated density perturbation
(~/n =4/~ at 10 W incident power) propagates

out from the high-field-strength region and is
measured with a Langmuir probe a few centime-
ters a~ray from the resonance region in the ab-
sence of high-frequency signals. We have veri-
fied that ~/n, varies linearly with E' a.nd that no

ionization takes place. This observation yields
local resonant electric field strengths E„=100
V/cm which are 8 orders of magnitude above the
local EM fields. " The conversion efficiency
E„/E, = 10' a,grees with the enhancement factor
computed exactly" from Eq. (1) using v/&u =10 '
and I.=100 cm.
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