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Observations of Self-Focusing Electromagnetic Waves in the Ionosphere
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Self-focusing of high-frequency electromagnetic radiation is observed to produce large-
scale plasma striations in the ionosphere. Development of a new observational technique

has allowed the first detailed study of the instability scale sizes and associated plasma
movement. Experimental results are shown to support the theory of wave self-focusing

through differential electron heatirg.

Natural density fluctuations cause small varia-
tions in the index of refraction of a plasma, re-
sulting in a slight focusing and defocusing of an
electromagnetic wave as it propagates through
the medium. The electric field intensity increas-
es as the incident wave refracts into regions of
comparatively underdense plasma. Ohmic heat-
ing' and the electric-field ponderomotive force'
then drive plasma from these focused regions,
amplifying the initial perturbation. This self-
focusing instability continues until hydrodynamic
equilibrium is reached, creating field-aligned
striations within the plasma.

The study of self-focusing waves in plasmas is
motivated by its relevance to ionospheric modifi-
cation research, ' laser fusion-plasma heating, 4

and microwave-ionosphere interactions asso-
ciated with solar-power satellite systems. ' De-
velopment of a new diagnostic technique in con-
junction with a recent ionospheric modification
experiment has resulted in the first detailed ob-
servations of individual self-focused striations,
as well as striation maps of the entire wave-
plasma interaction region. Measured striation
scale sizes are in good agreement with the pre-
dictions of thermal self-focusing theory. Addi-
tional plasma effects can also be identified.

Intense, high-frequency (hf) electromagnetic
radiation incident on an overdense ionospheric
plasma is known to excite parametric instabili-
ties, enhancing electron plasma oscillations ob-
servable by incoherent backscatter radar. ' These
instabilities continue to be the subject of intense
experimental study. Of importance here is the
fact that above instability threshold the strength
of the enhanced plasma waves directly depends
on the local power of the pump electric field. In
addition, because of exact frequency and wave-
number matching conditions for both the para-
metric wave-plasma interaction and the -radar in-
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FIG. 1. The experimental configuration for incoher-
ent backscatter radar mapping of plasma striations,
attributed to self-focusing of electromagnetic waves in
the ionosphere.

coherent backscatter process, these enhanced
waves are detected at only one altitude. As a re-
sult, systematic scanning of the narrow radar
beam across the interaction region of the en-
hanced plasma waves yields a two-dimensional
cross-section characteristic of the local electric
field intensity. These maps of electric field
strength clearly show self-focusing striations and
large-scale structuring of the illuminated plasma.
Because the direction and rate of the radar scan
are experimentally controlled, the cross-section-
al dimensions of the individual striations are
easily measured. Alternatively, if the radar is
fixed, the irregularities fo11ow a slow natural
{Ex B) drift through the beam, allowing a de-
tailed study of the small-scale structure within
individual striations. Once the irregularity size
is determined, striation velocities can be cal-
culated from these drift measurements. The ex-
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perimental configuration is shown in Fig. 1.
The data presented here were obtained during

an ionospheric modification experiment conducted
from 2 June to 17 June 1977 at the Arecibo Ob-
servatory (NAIC). The incoherent backscatter
radar operates at 430 MHz with a —,"beamwidth,
corresponding to approximately 730 m at a typi-
cal interaction height of 250 km. The hf-wave
beamwidth is a function of the operating frequen-
cy, ranging from 7.2 at 7.8 MHz to 10.9'at
5.185 MHz, or beam diameters of 31.5 and 47.5

km, respectively, at 250-km altitude. The hf
radiation is transmitted continuously with ordi-
nary polarization and is fixed at vertical inci-
dence, while the 430-MHz radar is pulsed and
can be swept in zenith angle at a maximum rate
of 1.87'/min, or 136 m/sec at 250 km. The en-

0.7

hanced plasma-v ave intensities are measured
over a 20-kHz bandwidth offset from 430 MHz

by the hf pump frequency. A 500- psec radar
pulse is used with a pulse repetition period of
85OO psec, as determined by the 6% transmitter
duty cycle. The data rate is not continuous; data
are accumulated in arrays of 1024 pulses, after
which there appears a data gap of approximately
0.4 sec in which the' array is displayed in real
time and recorded on magnetic tape.

Results of the two basic observational strate-
gies are shown in Fig. 2. The data in Fig. 2(a) re-
represent the natural drift of striations through
the fixed radar beam. This drift gives rise to a
slow regular modulation of the measured plasma
line intensities, with typical periods of 60 to 90
sec. Similar fluctuations have been noted previ-
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FIG. 2. (a) Signal modulation induced by the natural drift of striations through the fixed radar beam. The units

of signal strength are normalized consistent with (b}. (b) A series of striations as observed from rapid scanning of
the radar beam across the interaction region immediately after the drift measurements shown in (a). The striations
can be measured from the sweep time of the radar beam, in terms of the angle from vertical incidence of the beam,
or as kilometers at the altitude of excitation.
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FIG. 3. A westward scan of a compact striation set,
reversal of sweep direction at 141940, and an eastward
scan back through the same striations. To facilitate
comparisons the units of signal strength once again
have been normalized to Fig. 2{b).

ously without interpretation. ' The second data
set Fig. 2(b), was taken immediately following
the above drift measurements and shows a series
of distinct striations observed by rapidly sweep-
ing the radar beam north across the interaction
region. Typical striation dimensions deduced
from observations over many such scans are 1.2
km in the north-south plane and 1.0 km in the
east-west plane. Striation velocities are on the
order of 25 m/sec, with components oi 20 m/sec
to the east, and smaller than 15 m/sec in the
north-south direction. North-south velocity mea-
surements are complicated by the strong spatial
dependence of the striation width in the magnetic
meridian plane.

A useful observing procedure is to scan the
radar through a set of striations, quickly reverse
the beam direction, and sweep back through the
same striations. This yields a simultaneous
determination of striation size and velocity in
the scan. direction. An example of data taken
using this technique is shown in Fig. 3. The
striation widths and relative spacings are signifi-
cantly affected by scanning with or against the
component of the striations' drift motion. The
data shown here clearly suggest a dominant drift
movement to the east. The striation dimensions
then can be calculated including a correction for
velocity-induced measurement errors as well as
allowing for the radar beamwidth. The lower
limit for striation sizes thus measured is ap-
proximately 500 m.

The experimental observations are best ex-
plained by thermal self-focusing theory. ' Self-
focusing driven by the ponderomotive force has

been shown to occur at higher power fluxes than
thermal self-focusing. ' For the conditions ap-
propriate to an overdense ionospheric modifica-
tion experiment, the thermal-instability thresh-
old field is given by'

eo'c/8v = 2c T, v(k sin&) /v, kol. ,

where ~, is the electric field amplitude of the in-
cident wave, T, is the electron temperature ('K),
~ is the thermal conductivity, A is the wave vec-
tor perpendicular to the propagation direction, 8
is the angle between the wave propagation direc-
tion and the magnetic field, v, is the electron
collision frequency, k, =2'/c, where f is the
incident wave frequency, and I. is the plasma
scale height. In terms of experimental parame-
ters the threshold power flux can be expressed
as

P ~., (W/m') = (1.9 ~10")T ' sin'S/I. f 'X'

where fhr is the incident pump-wave frequency
and ~ is the excited striation width. For typical
experimental conditions at an altitude of 250 km,
T, = 1200 'K, I.= 100 km, fhf 8MH z, and 8——= 40'
(vertical incidence at Arecibo), then

P g,~, (W/m ) =38k.

The hf power flux at 250 km can be estimated at
30 pw/m', yielding a, striation width of A. = 1.1 km.
This agrees well with the experimentally mea-
sured values. However, the self-focusing theory
predicts that striations with widths 1.1 km and
greater should develop. Apparently the satura-
tion state of the self-focusing instability prefer-
entially selects for growth the smallest X com-
patible with a given I,h.„. In the east-west
plane the striation widths are predicted to be
approximately 500 m, ' again in relative agree-
ment with the observations.

A more detailed comparison of experimental
and theoretical striation dimensions is given in
Fig. 4. The pump power density is taken to be a
Gaussian distribution across the hf beam, caus-
ing the theoretically predicted striation width to
increase with angle from vertical incidence.
Additionally, in the magnetic meridian (north-
south) plane, the angle between the hf-wave vec-
tor and the magnetic field also is a function of
beam angle from vertical incidence. These ef-
fects are combined to produce the theoretical
curves shown in Fig. 4, which again approximate
the experimental data very well.

An unusual feature of the experimental observa-
tions is the tendency of the striations to appear
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FIG. 4. Variation of plasma striation width as a
function of beam argle from vertical incidence: experi-
mental results and thermal self-focusing theoretical
predictions.

of induced plasma striations in the ionosphere has
led to a much improved understanding of the over-
all ionospheric modification experiment, yielding
insights into the sources of other observed phe-
nomena which were previously unexplained.

The ionospheric heating experiments described
in this paper were performed with the scientific
collaboration of W. E. Gordon from Rice Univer-
sity and F. W. Perkins from Princeton Univer-
sity. We thank the team of heating coexperi-
menters and the Arecibo Observatory staff for
their cooperation and assistance. The Arecibo
Observatory is operated by Cornell University
under contract to the National Science Founda-
tion. This work was partially supported by the
Atmospheric Research Section, National Science
Foundation, under the National Science Founda-
tion Grant No. ATM76-15550.

in sets of 2 to 4, e.g. , Figs. 2(b) and 3. No ex-
planation is offered for this large-scale envelope
structuring of the interaction region. Density per-
turbations hq, due to the field self-focusing are
estimated at about 5% of the natural background
density g, . This implies that the plasma density
profile within a striation is shifted upwards by

ax - zq, I./q—.—-5 km

with respect to the natural density profile. This
result then offers a simple explanation for the
similar height difference recently observed be-
tween natural photoelectron-enhanced plasma
waves and the parametrically enhanced waves, "
which are shown here to be produced in a striated
plasma.

The results presented here provide an impor-
tant experimental verification of thermal self-
focusing theory over the range of parameters ap-
plicable to ionospheric modification experiments.
The confirmation of predicted scaling laws sup-
ports extrapolations of self-focusing theory to
laser fusion research and studies of solar-power-
satellite microwave-beam/ionosphere interac-
tions. ' In addition, the detection and observation
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