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Parametric excitation of ion waves is invoked to explain the efficient interaction be-
tween electromagnetic waves and the ionosphere.

We wish to report the parametric excitation of
ion waves in the ionosphere by irradiation with
an electromagnetic wave at the characteristic
electron frequency for the desired height. When
an electromagnetic wave (e„k,=0) is incident
upon the ionosphere it can stimulate the emis-
sion of an ion mode of +, and k,. if an electron
mode of ~, and k, is emitted such that co, = ~,
+ w,. and lt, =Pc, +%, In the .ionosphere where the
gradient is gentle, the ion wave facilitates the
coupling between the long-wavelength electro-
magnetic wave and the electrostatic electron
wave of much shorter wavelength. The excited
ion wave w, can be either a purely growing mode'
(Re&a, =0, k;e0, the nonoscillatory parametric
instability) or a propagating ion acoustic mode'

(v, = ok,v, ,h, the oscillatory parametric decay
instability). For T, = T, these two processes
have approximately the same thresholds and can
occur simultaneously. A consequence of this
parametric coupling is that electrostatic elec-
tron waves are excited at and below the electro-
magnetic frequency co, as dictated by the fre-
quency-matching condition. Indeed, the inter-
coupling between electron and ion modes estab-
lishes a complementarity between the behaviors

of these two sets of modes of vastly different
frequencies and properties.

Since the intercoupling between w, and w,. en-
hances cu, (and the same holds for the interac-
tion between &u, and &o,) the parametric coupling
process possesses a built-in feedback enhance-
ment; such enhancement indeed has been demon-
strated for low-frequency ion waves in which one
drift wave externally driven decays into two
lower-frequency drift waves. '

The efficiency of the parametric coupling be-
tween an electromagnetic pump near ~~, the
plasma frequency, and an ion acoustic wave has
been theoretically predicted to have a minimum
excitation power at T, =7.',. given by'

2

P =c ' =c8n kT ~~
8g ' ' a) (up i

where y,-, y, are the damping of the ion wave and
the electron plasma wave, respectively, n, is
the electron density, and &u, = k; [(kT, + k T; /M;]' '
is ion acoustic wave frequency. We note that the
parametric threshold depends on both the elec-
tron and ion damping. The threshold power can
be considerably reduced if y, «~~.

We wish to present preliminary data from ex-

644



VOLUME 27, NUMBER 10 PHYSICAL REVIEW LETTERS 6 SEPTEMBER 1971

9 msecL

(a)
f = 5.62 MHz

Thomson rodar 2M@/, 4&0 MHz

, 12,000 'K

r =0.6msec

l,5 rnsec

Received signal ot 455 62 MHz

Receiver width Q.l MHz

periments which have been planned with the

above theoretical ideas in mind. Ionospheric
conditions (usually daytime conditions) were
chosen such that photoelectron fluxes were at a
maximum in order that optimum coupling be-
tween electron and ion modes can take place. '

In this experiment the method of investigating
the excited ion waves utilizes the fact that the
spectrum of the excited electron plasma oscil-
lations reflects the presence of parametrically
excited ion waves. A high-frequency (hf) wave

(5.62 MHz, X = 60 m, 100 kW) corresponding to
the plasma frequency ~~ at a height of approxi-
mately 200 km is transmitted vertically by the
Arecibo 1000-ft antenna' (geomagnetic latitude,
30' N, magnetic shell number L = 1.5; geographic
latitude, 18' N, longitude, 67' W) with an overall
beam width of approximately 10 . The beam is
circularly polarized in a direction unfavorable
to the electron cyclotron rotation, commonly
called the 0 mode. The excited plasma oscilla-
tion is detected as upper and lower sidebands in
the Thomson back-scattering return of a 2-MW
radar at 430 MHz (X = 0.70 m and pulse width of
200 psec). In order to avoid extraneous signals,
both the hf and the Thomson radar transmitters
are turned off during the time the ionospheric
return signal is monitored, as shown in Fig. 1(a).
Under daytime conditions which include the sun-
lit periods of the conjugate points (50' S latitude,

67' W longitude) where photoelectrons are be-
lieved to exist, the upper sideband at 435.62 MHz

is so strong, sometimes exceeding 12000'K in
radiation temperature, that a direct monitoring
on the scope is possible as shown in Fig. 1(b).
The direct monitoring technique permits us to
investigate the decay of the electron plasma
waves and the dependence of the amplitude of the
plasma waves as function of the incident power
within the order of minutes, before ionospheric
conditions couM change.

The lower sideband at 424.38 MHz is observed
to have in general a lower amplitude (approxi-
mately by a factor of 3). The upper sideband
corresponds to the scattering by electron plasma
waves traveling from south to north whereas the
lower sideband corresponds to waves traveling
in the opposite direction. For the period of the
experiment (January) it is quite likely that the
net photoelectron flux flowed preferably toward
the north. This could explain the greater en.-
hancement in the upper sideband. We shall limit
our following discussions to the characteristics
of the upper sideband.

At the maximum available incident power of
30 pW/m', the line shape of the upper sideband
is examined using a narrow bandwidth of 10
kHz in the receiver. By successively shifting
the receiver frequency, the upper sideband was
observed to be highly asymmetric as shown in
Fig. 2. The downward frequency spread around
the upper sideband (435.62 MHz) extends to 30
kHz, the order of the ion plasma frequency.
This asymmetric line shape appears to support
our parametric-coupling model in which the
incident electromagnetic mode decays into an
electron mode and an ion mode. In a parallel
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FIG. I. (a) Timing sequence showing the hf radiation

pulse (5.62 MHz) with maximum power at I00 kW, the
Thomson radar pulse, and the ionospheric return
received at the shifted frequency (435.62 MHz). (b) The
typical observation of the return of the upper sideband
at 435.62 MHz on the scope under daytime conditions.
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FIG. 2. Line shape of the upper sideband at 435.62
MHz.
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FIG. 3. Determination of threshold for the upper
sideband at 435.62 MHz in three runs taken within 10
min. The changing ionospheric conditions are believed
to be responsible for the nonreproducibility.

laboratory experiment' this asymmetric line
shape (downward spread b, ~) is accompanied by
a corresponding increase in the ion fluctuations
over the same frequency range 4u.

By delaying the Thomson radar with respect
to the hf pulse, as shown by the dashed line in
Fig. 1(a), the plasma wave was found to have an
e-fold decay time of 0.6 msec. This measured
damping rate enables us to estimate the mini-
mum power required by the parametric theory,
Eq. (1). This damping time is shorter than the
electron-neutral collision time (=2 msec).

At a given power of the incident hf electro-
magnetic wave, the energy density of the excited
plasma wave is proportional to the received
power in the sideband (435.62 MHz) of the Thom-
son radar. For the long pulse employed in our
experiments the electron plasma wave is assumed
to reach steady state, and its amplitude is deter-
mined by the excitation and the saturation mech-
anisms. By varying the hf transmitter power we
observed a nonlinear dependence of the energy
density Ei'(~~) of the excited longitudinal plasma
waves on the power density E„f'of the high-fre-
quency electromagnetic wave at 5.62 MHz evalu-
ated at the height of interaction (= 200 km) as
shown in Fig. 3.

Significant enhancement of the plasma wave
was observed to start at a power of 10 gW/m',
and the energy density of the electron plasma
line continued to increase up to the maximum
available power density. Considering the damp-
ing rate y, of the electron plasma oscillation in
Eq. (1) as given by the inverse of the measured
decay time 0.6 msec, and using a mean electron
temperature of 0.2 eV and y, /cu; = 1 as appropri-

ate for T, /T, =.1, we obtain from Eq. (1) a thresh-
old value of 1 mW/m'. This theoretical mini-
mum power is further reduced by the enhance-
ment of the incident electromagnetic field as it
approaches the cutoff-layer altitude h where
u&~(h) = ~0 due to a reduction in its group velocity.
A number of authors' have shown that the inci-
dent field is enhanced for our own present ex-
perimental conditions by A(L, ).,) =10, where L
is the scale height and X, the free-field space
wavelength. The required input power is cor-
respondingly reduced by A'= 10'. The overall
theoretical consideration yields a minimum pow-
er of 10 gW/m', in reasonable agreement with
the observation.

We have inferred from our measurements of
the line shape, the power dependence, and a
consideration of the matching between incident
electromagnetic and electrostatic waves that ion
waves can be excited parametrically in the iono-
sphere by means of high-frequency electromag-
netic waves matched to a characteristic electron
frequency. Supported by our laboratory experi-
ments, ' this scheme promises a new active inter-
action with the ionosphere. A common method of
of measuring electron and ion temperatures in
the ionosphere has been to monitor the frequency
spread around the main Thomson radar return,
enhanced ion lines at b, ~= 2krv; (kr is the wave
number of the Thomson radar) being interpreted
as a rise in T,/T;. The present interpretation,
showing that the ion lines can be independently
enhanced by nonlinear coupling from electron
plasma modes seithout an accompanying increase
in T,/T, , could modify the usual straightforward
interpretation in terms of temperature rise.
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He and He rnonolayers on graphite at coverages 0.45-x —0.61 show strong heat-ca-
pacity peaks near O'K. Temperature dependences and densities indicate that both iso-
topes undergo second-order transitions from the two-dimensional gas state to a regular
lattice in registry with the substrate structure.

A current study of helium monolayers adsorbed
on graphite discloses several remarkable fea-
tures not seen in films absorbed on other sub-
strates. ' The heat capacities of both isotopes at
low fractional coverages 0.14 «x «0.4 have been
interpreted as indicating quantum degeneracy of
two-dimensional (2D) gases in weak lateral fields
due to substrate inhomogeneities. ' In the present
Letter we report results at somewhat higher
coverages, where the appearance of novel char-
acteristics are suggestive of order-disorder
transitions.

The present measurements were made in the
same apparatus as those previously reported,
on samples having monolayer densities in the
range 0.45 «x «0.66. Fractional coverages x
=N/N„, where N is the He' monolayer capac-
ity 90 cm' STP obtained from a vapor pressure
isotherm at 4.2 K.

Results are presented in Figs. 1 and 2, which
compare He' and He' at three nearly equal cov-
erages. The data show qualitative features in-
dicating a regime distinct from that at lower x.
The transition between regimes is evident in
Fig. 1(a), which displays peaks for both isotopes
at about 3, while near I there are remnants of

the isotopically distinct "quantum-degeneracy"
characteristics of lower-coverage films. As x
is increased, the degeneracy characteristics are
further suppressed, while the 3' peaks increase
in area.

The appearance of the sharp He' peak in Fig.
2 is suggestive of a second-order phase transi-
tion, and therefore we examined the data accord-
ing to the power law' C = al el "+5, where e = (T

T,)/T, . We f-ound that the data could be de-
scribed over at least one decade of e by a wide
range of exponents, 0.1 ~ ns0. 4, while 2.92'
s T, ~ 2.94 . For a=0.3, T, = 2.936', the agree-
ment extends to t = 0.25, considerably greater
than the generally accepted range of critical be-
havior. However, since the role of low-lying
fluctuations is known to be greater in 2D than
in 3D systems, the critical region may be as
wide as indicated. For the limiting value n-0
the power law becomes logarithmic, as shown
in Fig. 3. The choice T, = 2.927 gave parallel
lines for the low- and high-temperature regions,
displaced by about 0.3k. Kadanoff et al. ' discuss
the uncertainties in extracting empirical coef-
ficients from data over limited ranges of e. It
is clear that we have not explored the peak in




